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Abstract 
The current study aims to understand the mechanisms controlling ion 
transport within a composite structure of organic compounds known as ionic 
plastic crystals when reinforced with electrospun polymer nanofibres. The 
motivation of the study is to explore the fundamental ion transport processes in 
the composite systems to enable fine tuning and optimization for use as solid-state 
membranes in electrochemical devices, in this case lithium batteries. The study 
employs electrospun polymer nanofibres as a mechanical support for fabrication 
of self-standing organic ionic plastic crystal (OIPC) membranes which can result 
in an improvement in both mechanical and conduction properties of the OIPC. 
Preliminary experiments also demonstrated compatibility of the composites with 
lithium metal and improved performance of lithium cells incorporating these 
electrolytes. The current project investigates the factors affecting thermal and 
conduction behaviours of the composite material to allow selection and design of 
the base components as well as fabrication procedures for device application. In 
this regard, different families of OIPCs were drawn from pyrrolidinium and 
phosphonium cation based OIPC families and polymer nano-fibres were 
electrospun from the categories of non-polar polymer (inert), polyvinylidene 
difluoride, PVDF and ion-containing (ionic) polymer, (Poly (lithium-2-
acrylamido-2-methylpropanesulfonic acid), PAMPSLi. The effect of, lithium-salt 
addition and polymer nanofibre incorporation were investigated in detail, studying 
the phase behaviour, structural changes and the effects on ion dynamics and 
conduction properties. In this regard, DSC, EIS, XRD, solid-state NMR, 
vibrational spectroscopy, SEM, PALS were employed for probing the structural 
features and ion species within the composite materials. The thesis comprises of 
three experimental chapter, in each a new class of the composite component 
introduced. The first chapter presents conduction and thermal behaviours of 
pyrrolidinium tetrafluoroborate OIPC as a function of temperature demonstrating 
structural transformation that occurs with progressing dynamical ion motions into 
the plastic phase of the OIPC. A detailed investigation of the role of additives 
within the crystalline structure at each phase suggests critical role of the 
secondary phase formation on the properties of the OIPC. In addition, the 
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significant role of the structural disorder and defect formation within the 
crystalline structure caused by incorporation of PVDF nano-fibres was 
demonstrated to have determinant effect on ion dynamic as well as secondary 
phase formation, causing significant changes on the conduction properties of the 
OIPC in both pure and Li-doped states. It was found that the degree of 
effectiveness in altering ion conduction depends on the intermolecular interactions 
between the ion species and also the diversity of components present in the 
system, each with individual dynamic characteristics. The interactions were found 
to alter with the amount of the OIPC loading. The formation of secondary phase 
as a result of lithium salt addition appears to suppress the ion transport within the 
matrix of the OIPC whereas the strain induced at the interfacial areas by means of 
PVDF nano-fibres incorporation appears to avoid secondary phase formation that 
assist ion transport and improves ion conduction. The critical role of 
microstructural features on phase behaviour and conduction properties of the 
OIPC was found to reflect well in device function and performance. The 
investigation made in second chapter of the thesis with utilizing different fibre 
chemistry suggest that a charged nature of the ionic PAMPSLi polymer fibres to 
prone the secondary phase formation in the lithium-doped system that alters the 
properties of the same OIPC in different way. Heat treatment of the binary Li-
doped OIPC system was found to significantly alter the phase behaviour and 
conduction properties within the PAMPSLi fibre network, demonstrating a 
dependency on thermal history of the composite that differed from that of the 
'parent' OIPC. The OIPC is altered in third chapter to be employed from totally 
different family incorporated with PVDF nano-fibres in order to find out if similar 
observation can be found to the first chapter, where pyrrolidinium 
tetrafluoroborate was used. Triethyl(methyl)phosphonium cation based OIPCs 
were employed in combination with different anions of bis(fluorosulfonyl)imide 
and bis(trifluoromethanesulfonyl)imide. The findings of the study demonstrate a 
significant effect of the anion interaction on the OIPC thermal and conduction 
behaviours that consisting the same cation in their chemical structure in both pure 
and binary lithium-doped systems. Furthermore, the observation from X-ray 
diffractometry and also conductivity measurements on variable ratio of the OIPC 
loadings suggest similar contribution from interfacial regions of the composites on 
creating crystalline structural strain and disorders. However, it was found that the 
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beneficial effect on ion conduction is less dominant in these highly dynamic 
systems compared to pyrrolidinium cation based OIPC. 
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1.1 General approach and overview 
Over the past few decades, the reliance of industry on finite energy 
resources has led to the emergence of a worldwide energy crisis with various 
related serious concerns, mainly environmental and economic. According to a 
report by the US Energy Information Administration, the world energy 
consumption rate is growing by 2.3% per year. In 2007, 86.4% of the energy 
sources were based on fossil fuels. Excessive consumption of fossil fuels over 
recent decades has been the main serious global concern in energy consumption.  
Financial crises often arise in countries because of fluctuations in oil and gas 
markets and this is due to the limited resources and floating policies caused by 
'peak oil' instances occurring in the exporting countries. Even countries with 
abundant sources of fossil fuels face serious environmental and health concerns, 
due to the adverse irreversible, and sometimes deadly, effects arising from 
excessive burning of fossil fuels. According to the US national energy 
department, 21.3 billion tons of carbon dioxide is produced annually due to the 
burning of fossil fuels. Only half this amount can be absorbed naturally, leaving 
10.65 billion tons of carbon dioxide each year in the atmosphere. As a result the 
concentration of carbon dioxide has increased 41.2% in the atmosphere since 
1750. Such a high amount of carbon dioxide beside other deadly substances such 
as sulfur dioxide, nitrogen oxide, carbon monoxide brings serious health concerns 
and also, as greenhouse gases, these trap considerable thermal infrared radiation 
causing the larger issue of climate change and global warming
1, 2
.  
All these phenomena have introduced challenges, forcing the international 
community to set new policies and begin to move toward strategies with less 
dependency on fossil fuels through the development of technologies which utilize 
alternative energy sources such as solar energy, wind, wave and tidal powers, 
biofuels, geothermal energy
3, 4
. The development of emerging novel technologies 
based on renewable energy sources requires very broad and detailed research in 
various areas seeking suitable materials, fabrication, engineering and 
manufacturing. In this regard, diverse technologies are being developed for energy 
transformation, transfer, as well as energy storage. Efficient energy storage is a 
key component for developing the technologies, bringing the necessity of 
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investing in fine materials science and engineering to discover environmentally 
friendly and safe approaches for efficient materials development
5
.  
In this regard, developing electrochemical device technologies, such as 
batteries, solar cells, fuel cells, and thermal cells are fast growing areas of 
research, each including components with significant roles in the proper function 
of an efficient low cost device. A critical part of an electrochemical device is the 
ion conductive media which comprise the electrolyte. The proper stable 
functioning of the device relies crucially on the efficient transfer of ion species 
through the ion conductive media known as membranes.  
Batteries are galvanic cells storing electrical energy in the form of chemical 
energy. Each individual component of the cell plays a crucial role in the device 
life and performance
6
. Electrochemical reactions in batteries occur on separated 
electrodes by means of separators that include conducting ionic species known as 
the electrolyte. The driving force for the reactions is the electrochemical potential 
difference between the electrodes, which drives ion transport within the 
electrolyte. Therefore, the electrolyte is a key component of a device in providing 
continuous and consistent flow of the ion species for the electrochemical reactions 
to take place at each electrode. Physical contact between electrodes
*
 must be 
prevented by the membrane, either through sufficient mechanical strength of the 
electrolyte material, or by using a physical barrier. In battery technology, this so-
called 'separator' is a porous network of a solid material which allows the 
diffusion of ions
7
.  
The chemistry and physical chemistry of the electrolyte material as well as 
the design of the whole assembly play a significant role in the thermodynamics 
and kinetics of ion transport. Thus, development of the materials science and 
engineering of the membranes is critical in advancing safe, high energy density 
battery technologies
8
. An ideal electrolyte material needs to fulfill a series of 
requirements. High ionic conductivity (≥ 10‎–‎3 S.cm–1) and a high electronic 
                                                 
*
 . The term „short- circuiting‟ is used to describe the contact of the electrodes in electronic 
and battery technologies, which allows electron flow instead of ion conductivity between 
electrodes and prevents chemical energy storage within a device. The short circuiting can bring 
safety concerns by overheating or ignition of the device. 
1 
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resistance are required. An ion transference number
†
 approaching unity is 
desirable in order to minimize concentration polarization
‡§
. The material should 
have compatibility with other cell components, exhibiting thermal and 
electrochemical stability in a wide range (up to 5 V in electrochemical window)
**
. 
Low volatility of the material is required to avoid concentration changes during 
operation or storage. Mechanical stability of the electrolyte and/or the separator is 
required in order to ensure cell function over a broad temperature range. 
Additional critical aspects that need to be considered are the use of light weight, 
safe and environmentally friendly materials
6, 9
.  
Among the various battery chemistries, lithium batteries are growing rapidly 
in high energy storage applications and possess several advantages over other 
systems, having the highest volumetric and gravimetric energy densities, without 
exhibiting memory effect, with high open-circuit voltages, a notable long cycling 
lifetime and a low self-discharge rate. Accordingly, lithium batteries are now 
found in a wide range of applications in various industries, for example, their 
expanding utilization in hybrid and electric vehicle industries, portable electronic 
devices, such as laptop computers, digital cameras, mobile phones, etc. Lithium 
metal batteries have a higher energy density in comparison to commercialized 
lithium-ion batteries. However, the safety concerns related to lithium metal 
utilization limit their application. The substantial heat release within the device 
that can be caused by overcharging, electrical short-circuiting or physical abuse is 
a serious danger. Currently, commercialized electrolytes in use are based on 
volatile flammable organic compounds containing target ion salts, which are 
liquid at ambient temperatures
9-11
. Aqueous electrolytes are not suitable because 
the electro-active anode materials react vigorously with water. Key selection 
criteria are the melting point and dielectric constant of the solvents. The salt 
containing the target ions must have high solubility to provide the charged mobile 
ion species (i.e., Li
+
) with stability at the applied potential, be non-toxic and inert 
                                                 
†
 . Ion transport number is fraction of the total current carried within the electrolyte by a 
target ion. 
‡
 . A shift from equilibrium potential within an electrochemical cell is referred to as 
polarization. 
§
 . Concentration polarization refers to a portion of the polarization contributed by the 
variation of the concentration within electrolyte near the electrode interface. 
**
 . Potential window refers to potential range between oxidation and reduction of the ionic 
constituents. 
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to other cell components. The most common commercial electrolytes consist of 
organic carbonate solvents.  In lithium based devices, liquid solvents can only be 
used in the presence of an intermediate layer formed on the surface of the anode, 
generally called the solid electrolyte interphase or SEI, which separates the 
electrolyte from the highly electro-active anode material. The SEI layer must 
maintain its mechanical integrity to prevent chemical reactions between the anode 
and the electrolyte and to allow ion transport. There are serious safety concerns 
associated with the application of organic solvents, as they are unstable, volatile 
and flammable. Several instances of lithium battery explosions have been 
reported
8, 10
. 
Recently, there has been increasing interest in the application of ionic 
liquids (ILs) as electrolytes in electrochemical devices. Ionic liquids consist solely 
of ions possessing low flammability, low volatility, high thermal stability and low 
toxicity. Their reportedly wide electrochemical window ensures their 
electrochemical stability even at applied high voltages. High cycling efficiency, 
non-dendritic metal deposition and a degree of control over the SEI composition 
have been reported in devices utilizing ILs as the electrolyte
12-14
. However, the 
liquid nature of the material still carries some of the general disadvantages of 
liquid electrolytes, such as a lack of mechanical support and possibility of 
electrolyte leakage.  
In order to provide a degree of mechanical stability to the high diffusive 
transport properties of liquid electrolytes, hybrid electrolytes have been 
introduced by making up a gel material from polymers and liquids with the aid of 
plasticizers
15, 16
. Gels can be made either by chemical or physical cross-linking 
processes and typically exhibit intermediate properties between the two base 
materials
17, 18
.  However, safety concerns due to the incorporation of volatile 
liquid solutions still exist in their application.   
Polymers have been employed during the last three decades as solid state 
electrolytes in lithium batteries, as well as other electrochemical devices, in order 
to obtain the advantages of solid state devices and to avoid the issues related to 
the use of liquid electrolytes. Polymer electrolytes were first proposed by Fenton 
et al. but did not gain technological interest until Armand et al. demonstrated high 
ionic conductivities of crystalline complexes of polyethylene oxide and alkali 
metal salts
10, 12
.  Polymer electrolytes are categorized into two major groups, 
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polymer complexes with salts and polyelectrolytes. The first group is composed of 
alkali metal salts dissolved in a polymeric matrix, whereas in polyelectrolytes the 
target ions are bonded to the polymer backbone
17
. A range of polymer electrolytes 
have been studied, including those based on polyvinylidenedifluoride hosting 
various salts of target ions
19-21
. Polymers are attractive electrolyte materials with 
several advantages over liquids. The mechanical strength of polymers can 
suppress dendritic growth of the lithium anode during cycling
††
. Polymers are less 
reactive with active anode materials compared to liquid types. The shape 
versatility of the materials and tolerance to volume changes during cycling 
provide integrity as well as flexibility in manufacture and design of the cell. 
Importantly, the safety of the device is improved. In spite of these benefits, the 
ionic conductivity of polymer electrolytes is not sufficient for high energy density 
device applications. This is mainly due to the limited dynamics of the polymer 
backbone which ultimately limit the mobility of the ionic species
17, 18, 22
.  
A class of organic compounds known as plastic crystals has gained 
increasing interest in electrochemical science and engineering. Plastic crystals 
possess unique electrochemical and physical properties, making them promising 
solid-state materials to serve as electrolytes in a wide range of electrochemical 
applications such as batteries, dye sensitized solar cells and fuel cells
23-33
. Plastic 
crystals fall into two categories of molecular and ionic materials, which will be 
described in detail in the following chapter 
34, 35
. In brief, ionic plastic crystals or 
OIPCs (organic ionic plastic crystals) consist of a pair of ion species in which one 
or both of the species assist in ionic transport. OIPCs exhibit higher ionic 
conductivity to molecular plastic crystals. The promising properties of OIPCs 
such as non-flammability, non-volatility, high electrochemical and thermal 
stability and high levels of ion conductivity via target ion doping, make them 
potentially ideal as safe membrane materials in electrochemical device 
applications. OIPCs possess ordered crystalline structure at low temperatures, in 
which the rotational motion of the constituent ionic species develops through one 
or a series of solid state phase transformations with increasing entropy in the 
system upon increasing temperature.  The material maintains long-range order 
                                                 
††
 The continuous micro pores of separators saturated with liquid electrolyte are suitable 
pathways for non-homogenous deposition of metallic ions on the anode surface during charging. 
This results in dendritic growth of deposited metal causing internal short-circuiting of the 
electrodes and decreased cell efficiency.   
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even at high temperatures just before melting, while short-range disorder exists at 
the local level due to the rotational motion of the ions. Studies synthesizing and 
describing new classes of OIPCs as well as discovering their properties and 
understanding their phase behaviour is still ongoing worldwide
36, 37
. 
1.2  Research aims  
1.1.1 General aims and hypothesis 
This study aims to bring the beneficial effects of polymers and OIPCs 
together into a composite structure composed of the OIPC matrix incorporated 
with electrospun polymer nanofibres.  
The study is based on the following hypothesis: 
 The addition of a polymer nanofibre network can improve the mechanical 
properties of a plastic crystal by creating a mechanical support within the 
matrix enabling fabrication of thin, self-standing membranes of various 
OIPC families. 
 The addition of a polymer nanofibre network within a plastic crystal 
structure can improve ion transport by means of introducing structural 
disorder and promoting defect formation. The composite membrane can be 
a potential choice to serve as a solid state composite membrane in 
electrochemical devices. 
Electrospun PVDF nanofibres incorporated within an OIPC were found to 
improve mechanical and conduction properties of a pyrrolidinium 
tetrafluoroborate OIPC, allowing for the fabrication of self-standing flexible thin 
films exhibiting potential conduction properties for solid-state ion transfer 
membranes in flexible devices
38
. In the study, lithium salt doping of the composite 
material for application as an electrolyte in a lithium metal battery, with a general 
aim of improving the safety of the device and exploring the potential fabrication 
of flexible batteries
38
. In this study, the Li-doped composite material was studied 
for the first time as an electrolyte material within a symmetric lithium metal cell 
assembly. Electrochemical cycling of the cell indicated compatibility of the 
composite material with lithium metal, exhibiting stable electrochemical 
behaviour over a broad temperature range under various applied current densities. 
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In the parallel study, the full cell assembly made up of Li-doped composite 
membrane sandwiched between lithium metal and a LiFePO4 cathode material 
exhibited increased performance of the cell with cycling, reaching relatively high 
capacities at different crystalline phases. Despite previous reports that it is 
impossible to create a functioning device at low temperatures due to the 
inadequate conductivity of the Li-doped OIPC, the composite material exhibited 
relatively high performance at moderate temperatures due to the improved 
conductivity in the system with the incorporation of fibres
38, 39
.  
This study utilizes alternative fibre chemistry in order to investigate the role 
of the nature of the fibre on phase behaviour and conduction properties of the 
same pyrrolidinium OIPC system in both the pure and Li-doped states.  
The study also investigates phosphonium based OIPC families with different 
anion structures in order to determine if similar improvements in mechanical and 
conduction properties could be achieved in these alternative systems. 
1.1.2 Specific aims 
This thesis aims to provide a fundamental understanding of the role of 
polymer nanofibres in ion transport through the crystal structure of OIPC 
composite membranes, as well as investigating the nature of the interactions 
between the polymer nanofibre network, lithium salt dopant and the OIPC matrix. 
In this regard, the methodology of the project was developed to understand the 
phase behaviour and conduction properties of different OIPC systems as base 
matrix materials. The effect of lithium salt doping and the incorporation of fibres 
on the process of ion conduction were investigated using various techniques. Two 
different families of OIPCs were utilized with different chemical structures and 
physical properties: pyrrolidinium cation based OIPC with a ring structure and 
phosphonium cation based OIPCs with a central phosphorus atom covalently 
bonded to the chains of alkyl groups. The effect of different anion structure was 
also investigated in the latter OIPC. Two different fibres from polymer and 
polyelectrolyte families were electrospun to investigate the casting of the 
mentioned OIPCs within their randomly distributed networks.  
The materials characterization techniques were selected to probe various 
scales within the composites, from the intermolecular level to the micro-structural 
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observations, up to the bulk material properties. The aim is to investigate 
individual sides of the chemical structure as well as crystalline structural 
reflections of the components on the overall bulk material properties. In this 
regard, vibrational spectroscopy was used to probe the intermolecular interactions 
between the dopant and fibres with the chemical structure of ion species present 
within the matrix OIPCs. X-ray diffractometry was employed in order to refine 
the crystalline structure of the OIPCs. In addition, an understanding was sought of 
the effects reflected from the incorporation of fibres on the microstructure of both 
pure and Li-doped OIPCs. The critical role of the structural defects on materials 
conduction properties was quantified by utilizing positronium annihilation 
lifetime spectroscopy to probe the existence of defects within the materials. Ion 
dynamics were probed at all stages in order to understand the role of each 
individual physical and chemical observation on the mobility of ionic species. 
Static solid-state nuclear magnetic resonance spectroscopy was found to be a 
powerful informative technique in this regard in linking acquired information 
from different perspectives of materials characterization into the observation 
found from bulk materials properties. The thermal and conduction properties were 
investigated in the OIPCs and the effect of the incorporation of fibres with 
different chemistries was studied in both neat and Li-doped systems.  
1.1.3 Research questions 
This study is an investigation into novel composite materials having broad 
unknown aspects in properties, methodology and characterization. The study was 
based on acquiring information on systems with different chemistry, in both 
matrix OIPCs and the reinforcing fibre components, with the motivation of 
obtaining a detailed understanding of the role of individual components on overall 
characteristics of the novel composite materials for potential applications in 
electrochemical devices. Therefore, the study sought to clarify the following 
queries:  
 Thermal behaviour of the OIPCs and the role of additives (lithium salt 
doping and polymer fibre incorporation) on phase transformation and 
dependency on thermal history of the composite materials. 
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 Study of the crystalline structure of the OIPCs within the phases observed 
between the transformations found in thermal behaviour investigations, in 
order to probe any alteration in the crystalline ordering caused by the 
incorporation of fibres. In this regard some preliminary PALS 
measurements were performed in order to detect the presence of any 
structural defects within the OIPC and the changes that can be caused due 
to fibre incorporation. The investigations were designed in order to 
understand the degree of contribution of crystalline structural ordering on 
the composite materials properties. 
 Are there chemical and/or physical interactions between the dopant and/or 
fibres with the matrix OIPCs and how might they contribute to individual 
ion mobility in different systems? What are the dominant mobile species at 
each stage?  
 Ionic conduction of the OIPCs and determining the role of additives on the 
conductivity behaviour in order to find out whether or not the observations 
are universal across different OIPC families with both classes of polymer 
nano-fibres, or just specific to each OIPC family and/or fibre chemistry. Is 
there any correlation between the micro-structural features, ion dynamics 
and observations from the physical properties? How does the OIPC 
loading level affect the observations? 
 Is the lithium-doped composite material compatible with lithium metal? Is 
the electrochemical stability sufficient to support use in a lithium metal 
cell?  
1.3 Project outline 
The research was conducted in three major phases, which are described 
briefly, as follows: 
i. Materials fabrication  
The project began with optimization of the composite membrane preparation. The 
control techniques were physical observations of the materials using electron 
microscopy and ionic conductivity measurements of the membranes within 
symmetric cells composed of stainless steel electrodes. 
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ii. Materials characterization 
The main research was based on investigating materials behaviour and probing 
the physical, vibrational, structural and dynamic responses of the components in 
the systems to the variables, to find correlations, to judge on significance of the 
roles, propose possible mechanisms, to find clarifications in order to draw 
conclusions about the significance and importance of each variable in the different 
systems to obtain a detailed understanding of the composite materials and the 
interactions in each system. The scientific motivation was based on utilizing the 
findings as a base knowledge for designing new technological applications and 
future research activities. Therefore, suggestions are provided in the final part of 
the study as future works. 
iii. Device application 
The material was used for the first time in a lithium metal cell to investigate the 
electrochemical compatibility of the material for utilization of the study's outcome 
in future studies with scientific and technological motivation for application in 
various flexible electrochemical devices. 
 
 
 
The current PhD study presents the in depth investigation of a new class composite 
membranes with broad scope of application and fundamental materials understanding. 
The project focused on the matrix OIPC element of the composite and it’s 
characterization and manipulation. Investigation of the role of the polymer elements 
variation, as well as in depth device studies of the composite electrolytes have been 
ongoing in parallel and continuing projects that some of these aspects have been the 
topic of recent and forthcoming collaborative publications. 
It should be also mentioned that the presented results are just selective representatives 
from the series of investigations that only part of those were presented in relation to the 
concepts discussed within the structure of the thesis.  
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2.1 Composites 
Composites are materials that are engineered from two or more components 
having physical, chemical and/or mechanical properties different to the individual 
constituents, fabricated with the aim of improving properties of at least one of the 
components. Composites have been classified into different categories based on 
the components. The major components of the composites are fall into two 
categories known as matrix phase, which is a continuous pattern introducing bulk 
properties to the material, and a dispersed phase commonly used in particulars, 
fibrous, flake or other forms of fillers as a reinforcing component or with the aim 
of introducing other specific characteristics into the properties of matrix material. 
Structural composites are another category containing laminates sandwich forms 
or other geometrical combination of materials, each carrying different 
characteristic to the composite. Figure ‎2.1 illustrate these major categories.  
 
Figure ‎2.1. Different categories of composites based on components made. 
Properties of composites depend on the characteristics of individual 
components present, i.e. chemistry, amount or ratio of components, geometries of 
dispersed phase such as particle size, distribution, orientation etc.   
Fibrous materials are commonly used in either continuous or discontinuous 
short forms, in aligned or randomly distributed configurations in order to reinforce 
different types of matrix materials for various industry applications. Nanofibres 
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with large surface area to volume have been employed in various parts of energy 
storage devices such as fuel cell membranes, separators in batteries, anode 
materials, etc
40
. Utilization of nanoscale dimension materials in electrochemical 
devices provide high volume fraction of interfaces required for electrochemical 
reactions to take place and accelerate the reaction kinetics
41
. 
The focus of following sections of this chapter is to introduce specific 
components of the composite material used in this study, starting with giving an 
overview of reinforcing electrospun polymer nanofibres, continuing with 
introducing matrix material of this study, organic ionic plastic crystals, following 
by having review on studies performed on fabricating composites made from 
OIPCs. 
2.1.1 Reinforcing material: Electrospun polymer nanofibres 
Among various methods for producing nanofibres, electrospinning is a 
simple, versatile and  cost-effective  method allowing continuous long length 
scale production of fibres with a high production rate
42
 . The technique was first 
studied in 1914 by Zeleny and was patented by Formhals in 1934
41
 and Taylor 
developed a jet formed process in 1969
43
. The electrospinning set-up consist of 
three major parts: a spinneret which is typically a syringe containing polymer 
solution, a high voltage source and a collector (Figure ‎2.2). By applying a voltage 
of 10-50kV between spinneret and the collector, an electric field is formed on tip 
of the spinneret and the solution becomes highly charged.  Increasing intensity of 
the electric field leads to elongation of the solution droplet at the tip of the syringe 
and forms a conical shape called Taylor cone. At a critical voltage, repulsive 
electrostatic forces overcome surface tension of drop and a rapid flow of solution 
is ejected from the tip of Taylor cone and in the meanwhile of acceleration to the 
collector, the solvent evaporates and a continuous ultra thin fibres solidifies on the 
collector
41-43
.  
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Figure ‎2.2. Scheme of electrospinning set up. 
Electrospun polymers have been used in various studies as nanofibre mats in 
separators of lithium batteries. Nano-porous structure of the mats provide 
enhancement in ionic conductivity of the electrolyte and improves device 
performance. Table ‎2.1 is summarizing some of studies on polymeric nanofibres 
application in lithium batteries
41
.  
  
 
3
4
 
Table ‎2.1. Electrospun polymer nanofibres used as separators in lithium battery technology (reported from Ref. 42). 
 
 
 35 
 
Polyvinylidendifluoride (PVDF) electrospun nanofibres have been widely 
used in recent studies because of their chemical and mechanical stability in 
lithium batteries
44
. Lithium metal cells made of PVdF nanofibre separators soaked 
with LiPF6-EC/DMC electrolyte exhibits higher charge and discharge capacities 
and smaller capacity loss with respect to commercial Celgard (polypropylene) 
separators (Figure ‎2.3)
45
. Choi et al. investigated lithium symmetric and 
graphite/LiCoO2 cell study of similar electrolyte comprising of electrospun PVDF 
nanofibres soaked in electrolytic solution of 1M LiPF6-EC/DMC. The electrolyte 
revealed high ionic conductivity values (1.7×10
–3 
Scm
–1
 at 0°C). They reported 
electrochemical stability of the electrolyte up to 4.5 V via linear sweep 
voltammetry. They also demonstrated formation of a stable interface with lithium 
electrode from their cell studies
44
. 
 
Figure ‎2.3. Cyclic voltammorgrams of lithium cells made from: (a) Celgard 
and (b) PVDF nanofibre (labeled as EPM884) at scan rate of  0.1 
mVs
−1
,  (c) device performance of the cells made from Celgard 
and EPM884 at room temperature (reported from Ref. 46).  
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Polymers other than PVDF, such as Polyacrylonitrile (PAN) electrospun 
nanofibres have also been reported to have high porosity, air permeability and 
better wettability with respect to commercial separators. Cho and coworkers 
demonstrated improvement in lithium cell performance by incorporating PAN 
separators comparing to utilization of conventional separators
46, 47
. 
2.1.2 Matrix material: Organic ionic plastic crystals  
Plastic crystals are organic compounds with ordered crystalline structure at 
low temperatures while also possessing local structural disorders. The existence of 
structural disorders facilitates rotational motions of the species by thermal 
activation towards increasing temperature. A commencement or improvement of 
the rotational motions of the species within the molecular structure result in one or 
a series of solid state phase transformations with an increase in the entropy by 
thermal energy uptake through increasing the temperature. The characteristic of 
these materials is to maintain a long-range order at high temperatures just before 
melting, while exhibiting short-range disorder due to the rotational motions of the 
species
48
. Figure ‎2.4 illustrates a typical thermal trace obtained from temperature 
scan of a selective organic ionic compound with schematic representation of 
phase dependent ionic motions.    
 
Figure ‎2.4. DSC thermal trace and schematic representations of developing 
plastic phases by progressing phase dependent ionic motions in 
[P1224][PF6 ] toward increasing temperature to liquid phase 
(reported from Ref. 50).  
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Plastic crystals categorize into two major groups of molecular plastic 
crystals and organic ionic plastic crystals (OIPCs) containing pairs of ionic 
species that may one or both assist in ion transport. OIPCs exhibit higher melting 
entropy than molecular plastic crystals and can exhibit higher ionic conductivity. 
The OIPCs possess the advantage of negligible vapor pressure, which is a highly 
desirable property for electrochemical device applications in order to improve 
device performance and safety aspects
36
. Figure ‎2.5 illustrates chemical structure 
of selective molecular and ionic plastic crystals
49
.   
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Figure ‎2.5. Chemical structures of selective molecular and ionic plastic 
crystals (reported from Ref. 50).  
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 Criteria to cause plasticity in behaviour 2.1.2.1
Timmermans described plastic crystals in detail in the 1960s as “globular” 
compounds having very low entropy of melting (lower than 20 J. K
–1
mole
–1
), with 
one or two step transitions below their melting points. The plastic phase in 
globular compounds illustrated in their definition as intermediate region in 
between the highly ordered solid phase and the totally disordered liquid phase, 
which having the highest symmetric cubic system (labeled as cubic solid in 
Figure ‎2.6). A number of globular compounds were listed in their study with 
pointing out to the intrinsic characteristics such as relatively high melting point 
and some unusual behaviours below their melting points (i.e. dielectric constant, 
heat capacity variation with temperature, plasticity)
35
.  
 
Figure ‎2.6. Schematic illustration of phase changes in globular (C(CH3)4 and 
non- globular (C5H12) compounds (reported from Ref. 36). 
Postel and Riess criticized Timmmerman's definition based on exceptions, 
such as N4(CH2)6, because of the long molecular bonds that are capable of 
interlocking and thus affect rotational motion that causes the entropy to vary. 
They proposed new criteria for plastic crystal behaviour and introduced a factor 
considering degree of molecular interlocking, as following:  
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         ( 2.1) 
Where dm is the minimum distance between molecular centers and Dm is the 
maximum diameter of the molecule. According to this criterion, all compounds 
with R values higher than 0.81 could reveal plastic crystal behaviour
50
. 
Evidences found from different studies on numbers of plastic crystals 
indicate that the nature of transition from a fully crystalline state to the plastic 
phase are first order transitions due to the changes observed in entropy, enthalpy, 
heat capacity, dielectric constant and unit cell volume values at the transitions. 
More fundamental introduction on the history of thermodynamic investigations 
can be found elsewhere
51
, which is beyond the scope of this study. 
 Hosting target ions for electrochemical device applications  2.1.2.2
The conductivity of plastic crystals can significantly be improved by 
dissolving of conducting salts. MacFarlane et al. demonstrated 20 times 
enhancement in ionic conductivity of pyrrolidinium cation based compounds at 
25°C by less than 1% lithium salt addition
52
 (Figure ‎2.7). Comparable ionic 
conductivity values of lithium-doped OIPCs with respect to room temperature 
ionic liquids was reported elsewhere
53
,  which raised the idea of employing solid-
state ionic plastic crystals in lithium battery technologies.   
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Figure ‎2.7. Ion conductivity of pure and Li doped C1mpyr (P11) and C2mpyr 
(P12)  cation based plastic crystals as a function of temperature 
(reported from Ref. 53). 
Adebahr suggested a solid solution formation of lithium salt within the 
crystalline matrix at low amount addition based on a decrease in transition 
temperatures observed by lithium iodide addition into the [C1mpyr][I] plastic 
crystal
54
. A solubility limit was also reported, where beyond that optimum amount 
the possibility of less conductive phase formation within the structure was 
mentioned, deteriorating the overall conductivity
53
 (Figure ‎2.8).  
Some unusual behaviours were reported by Jin et al. for different levels of 
LiBF4 addition in [C1mpyr][BF4]. Unusually, a drop in ionic conductivity during 
phase transformations from phase II to I was observed in this OIPC
55
.  
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Figure ‎2.8. Ion conductivity of [C2mpyr][LiBF4] plastic crystal as a function 
of lithium salt content (reported from Ref. 40). 
 Mechanisms of ion transport in OIPCs 2.1.2.3
A clear understanding of the mechanism controlling ion transport in plastic 
crystals is still being developed.  
Rotational motions of the species appear to have the most effective role in 
conduction process in these materials. According to nuclear magnetic resonance 
observations, improvement in conductivity reported to be not just a result of 
mobile Li
+
 ions but also because of increase in the mobility of the hosting species 
of the OIPC in Li-doped systems. In this regard,  a paddle-wheel or cogwheel 
mechanism has been suggested as a mechanism facilitating both added Li
+
 ions 
and also hosting cation and anion that  gives a rise to ionic conduction in rotating 
phases present in OIPCs
56
. 
Structural disorder was found to play effective role in improving solid-state 
diffusion through defect assisted mechanisms. The orientational and/or rotational 
movements of the species was found to facilitate defect formation within 
crystalline structure of the OIPCs because of the lower thermodynamic demand in 
these systems
36
. Plastic crystals were reported to have a high vacancy 
concentration in the range of 0.1–2 mol% compared to a value of about 0.01 
mol% found in crystalline materials
57
. Baugham and Turnbull reported that in the 
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vicinity of vacancies, rotational motion of the species is less hindered because of 
the higher values of rotational entropy exist
58
. Therefore, a cooperative effect 
between rotational motion and structural defect formation exists in plastic crystals 
whereby one facilitates the others function. A close relationship between the 
number and size of defects to the ionic conduction in various studies confirms the 
critical role of defects influencing conductivity mechanism to dominate in these 
systems
57, 59
. Positron annihilation lifetime measurements (PALS) and dynamic 
mechanical analysis (DMA) were used to probe the defects within dimethyl 
pyrrolidinium NTf2, in different crystalline phases III and II
59
. A close 
relationship between the vacancy size and ion conduction in each phase is evident 
for this OIPC in Figure ‎2.9, which shows the variation of ion conductivity and 
positron lifetime (resembling defect size) as a function of temperature. The 
different degree of conductivity dependence on defect size for the crystalline 
phases suggested that various mechanisms dominants ionic conduction in each 
phase. The defect size is suitable to accommodate cation-anion pair diffusion in 
phase III. Therefore, the Schottky mechanism was suggested as controlling 
mechanism, whereas, it was reported to be most likely for the ions to diffuse 
through extended defects such as dislocations in phase II.  
Nevertheless, a small change in the chemical structure was found to affect 
the conductivity mechanism.  The N-ethyl N-methyl pyrrolidinium NTf2 (where 
an ethyl substituent replaces the methyl) exhibits quite different phase dependent 
conductivity behaviour compared to the dimethyl pyrrolidinium NTf2 OIPC. It 
was suggested according to the observation from PALS technique that the ethyl 
substituent caused higher degree of freedom for rotational motions, which resulted 
in higher vacancy content and larger vacancy size in this OIPC. Therefore higher 
conductivity in both phases II and I was achieved
59
. 
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Figure ‎2.9. Conductivity and positron lifetime (indicative of defect size) 
variation of [C2mpyr][NTf2] as a function of temperature 
(reported from Ref. 60). 
The translational motion of species associated with the co-existed crystalline 
structural defects can causes building up and forming different types of mobile 
defects, such as dislocations. The mobile defects were reported to cause plastic 
deformation in OIPCs, resulting in plasticity. The observation of features similar 
to slip lines on the surface of plastic crystals was attributed to the presence of 
mobile linear or planar defects, such as dislocations
60
 (Figure ‎2.10). These 
features were reported to be absent in chemically similar systems which does not 
exhibit plastic crystal behaviour
61
. Plasticity is desirable in device applications, 
avoiding poor contact between electrodes and the electrolyte, allowing volume 
changes during cycling, allowing fabrication of flexible devices with providing 
shape versatility in design. 
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Figure ‎2.10. Slip lines observed on the surface of [C3mpyr][BF4 ] (reported 
from Ref. 61). 
Another mechanism was proposed by Henderson et al., describing formation 
of a mixed-phase by coordinating some of the matrix anions to the Li
+
 ions. The 
low melting point of this phase allows presence of liquid phase distributed within 
the matrix of the OIPC at low temperature. Therefore the ionic transport would be 
facilitated through diffusion from the liquid phase that is partially present within 
the solid-state matrix phase of the OIPC
62
.  
 Electrochemical device application 2.1.2.4
OIPCs are potentially ideal safe electrolytes for lithium battery application 
because of their desirable properties, such as non-flammability, non-volatility, 
good electrochemical and thermal stability and acceptable level of ionic 
conductivities after lithium salt adddition. 
A range of Li-doped pyrazolium and pyrrolidinium based ionic plastic 
crystals have been studied in lithium metal cell assemblies during last few years. 
Armand and co-workers reported the behaviour of a range of N, N' cyclised 
pyrazolium NTf2 OIPCs within Li | Li-doped OIPC | (LiFePO4 or Li4Ti5O12) cells 
63-65
. They demonstrated that phase transformation between solid and liquid states 
in 10 mol% LiNTf2 diethylmethyl pyrrolidinium electrolyte does not affect the 
device efficiency. The capacity retention is reported to be over 90% compared to 
the initial capacity after 40 cycles at both 5°C and 20°C (temperatures at which 
the plastic crystal is in its solid and liquid phases, respectively)
63
. They also 
reported a relatively high real capacity of 137 mAhg
–1 
for 20 mol% Li-doped 
OIPC at 40°C. They claimed the performance of the cell could be improved 
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further in absence of  impurities (The presence of the impurity in the plastic 
crystal was recognized by their cyclic voltammogarams)
65
.  
Lithium symmetric cell and Lithium/LiFePO4 cell studies of pyrrolidinium 
cation based OIPCs were conducted by Howlett and co-workers
25, 28, 53, 66
. They 
observed cell impedance reduction with initial cycling, nominated as 
preconditioning period in their studies (Figure ‎2.11). Grain refinement of the 
microstructure due to a dynamic re-crystallization of the plastic crystal during 
cycling, increase in lithium ion concentration and improved interfacial contact 
between electrodes and the plastic crystal were suggested as possible reasons for 
the phenomenon. The scanning electron microscopy (SEM) micrographs of the 
plastic crystal before and after cycling are supporting their discussions. Interfacial 
resistance was mentioned as dominated parameter at initial steps of cycling and 
preconditioning process leads to progressive fall in cell impedance down to the 
values determining by the bulk electrolyte resistance
25, 28, 67
. Longer transient 
period and higher steady-state potential bias was observed at lower temperatures 
and thicker electrolyte. It was also shown that there is a upper limit for current 
density which preconditioning response can follow the ohmic trend
25
.  
 
Figure ‎2.11. Potential respond of Li|10 mol% Li doped[C2mpyr][NTf2] 
(thickness:100µm) | LiFeP04 cell cycling at 50°C (a) and 
sequential impedance spectra (reported from Ref. 26). 
It was reported that nature of separators affects the cells performance. 
Different types of separators were incorporated in the assemblies to prevent 
shorting due to a possible partial melting at localized hot spots in the 
electrode/electrolyte interface during charge-discharge process. Cells with PVDF 
separators were demonstrated to reveal superior capacity performance in 
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comparison to glass fibres and Separion
25
. Improvement in discharge capacity by 
increasing cell operating temperature was also demonstrated. The discharge 
capacity of 121, 131 and 153 mAhg
–1
 was reported respectively at 50°C, 60°C and 
80°C for Li | 10 mol% Li doped [C2mpyr][NTf2] | LiFePO4 cells cycling at 0.2 C 
current rate. A stable behaviour was reported for the cell at 80°C, a temperature 
which the electrolyte is in liquid phase, while at the solid state plastic phase 
temperature of 50°C, a continuous drop in capacity was observed over cycling up 
to 110 cycles
25
. Another interesting feature in the study is the observation of a 
minor deterioration in the order of 3% in cell capacity by increasing current from 
0.2 C (i.e., nominal time for full discharge of capacity is 5 h) to 0.5 C at 80°C.  
Shekibi and co-workers demonstrated a reversible deposition and stripping 
behaviour of lithium within  Li| 10 mol% LiBF4 doped [C2mpyr][BF4] |Li cells via 
cyclic voltammetry under various scan rates at different temperature. They also 
observed stable charge-discharge of the Li/LiFePO4 cell (Figure ‎2.12). The 
capacity of the cell at 100°C was 140 mAhg
–1
 at a C rate and around 50% of 
theoretical capacity was attainable at 80°C
53
. These were promising observations 
to consider the OIPC as a material of our current thesis (Figure ‎2.12). 
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Figure ‎2.12. Cyclic voltammograms (a) and galvanostatic cycling results (b) 
of Li| 10 mol%LiBF4 doped [C2mpyr ][BF4] | Li cell , scan rate 
for voltammogram: 5  mVs
‎–1‎
 (represented from Ref. 54). 
2.2 OIPC composites 
Recently, few studies on fabricating composites from molecular plastic 
crystals and also organic ionic plastic crystals with the aim of improving their 
mechanical properties and/or ionic conductivity have been demonstrated. The 
findings of the studies will be discussed in the current section.  
The effect of ceramic particle fillers in organic ionic plastic crystals was 
investigated for the first time by Shekibi et al. They studied properties of 
[C2mpyr][NTf2] plastic crystal mixture with SiO2 nanoparticles. They observed 
two order of magnitude increase in conductivity with addition of the nanoparticles 
(Figure ‎2.13). They demonstrated the important role of nanoparticle size in ionic 
conduction, observing higher degree of enhancement in conductivity of the OIPC 
with addition of smaller particle size. Increase in both cation and anion mobility 
due to nanoparticle inclusion was reported in their study. Also, an increase in 
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defect size and concentration by particles inclusion was demonstrated. They 
observed dramatic plastic flow in the composite samples. Strain induced defect 
mechanism was demonstrated in their study as a dominant mechanism for ion 
transport in the composite materials. They hypothesized the synergic effect of 
lithium salt doping and filler addition to improve the conductivity in a level that 
enables composite application as solid-state electrolyte in lithium batteries 
because of  their individual observation in doping separately to the plastic crystal 
that made improvement in the property in both cases. However, they surprisingly 
observed deterioration in ion conductivity
68
. They suggested different conduction 
mechanism in lithium doped plastic crystal which is grain boundary diffusion and 
disruption of the grain boundaries by nanoparticles was proposed as a possible 
reason for the observation. They tried to mitigate the interaction by 
functionalizing of the particles with lithium propane sulfonate and the process 
succeeded to create significant increase in ionic conductivity as a result of 
enhancing matrix ions mobility due to the increase in defects size and 
concentration. Also, a weak interaction between lithium ion and matrix was 
reported. They confirmed the dominant role of strain induced defect mechanism in 
the ionic transport
69
. Pringle et al. by studying different types of metallic oxide 
nanoparticles inclusion in a range of plastic crystals demonstrated that depending 
on the chemistry of plastic crystal , the type of filler and also the crystalline phase 
which the plastic crystal exist, different trends in ionic conductivity variation can 
be observed. As an example, TiO2 addition in phase II of  [Et4N][DCA] decreases 
the ionic conductivity with respect to the pure plastic crystal, while addition of 
different nanoparticles at phase I of the plastic crystal exhibit improvement in the 
conductivity
70, 71
.  
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Figure ‎2.13. Ionic conductivity variation of [C2mpyr][NTf2] by addition of 
silica nanoparticles with different particle size (reported from 
Ref. 71). 
Several studies reported related to polymer mixtures with molecular plastic 
crystals and a few with organic ionic plastic crystals.  The ionic transport 
behaviour of the composites was not reported to be universal, depending on the 
chemistry of polymer, plastic crystal, presence of lithium salt and also on the 
phase which plastic crystal exist. However, in majority of the molecular plastic 
crystals studies which include mechanical testing of the materials, improvement 
of the mechanical properties has been demonstrated by polymer addition.   
Efthimiadis et al. studied ion conduction and phase behaviour of 
[C3mpyr][BF4] plastic crystals mixed with different polymers: poly(vinyl 
pyrrolidone), PVP and polyethylene oxide, PEO. They observed significant 
changes in the ion conductivity, thermal behaviour and diffusion of ion species 
within pure and LiBF4 added plastic crystals
60, 72
. It was reported that partial 
miscibility of PVP in the plastic crystal could result in developing disorders 
within the structure and that is why increase in conductivity was observed for 
some ratios of polymer used. Slight reduction in the ion conductivity was 
observed in lithium doped plastic crystal. It was demonstrated that PVP addition 
enhances anion diffusion in the matrix while decreasing cation mobility
72
.  
They reported reduction in the ion conductivity of pure plastic crystal by 
PEO addition because of blocking grain boundaries. However, it was not the case 
in lithium doped plastic crystal. Similar to the PVP composite, the anion was 
reported to be the most diffusive species in the matrix
73
. 
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Patel et al. reported improvement of mechanical properties and 
enhancement in conductivity of lithium doped Succinonitrile molecular plastic 
crystal (SN) with addition of PAN and PEO polymers
74, 75
. They investigated in 
another study free radical polymerization of Acrylonitrile (AN) within LiNTf2 
doped SN
76
. 
Ha et al. investigated ultraviolet curing process for developing 
polymerization of a ethoxylated trimethylolpropane triacrylate (ETPTA) network 
within LiNTf2 doped SN. They observed improvement in mechanical properties 
of the plastic crystal but they reported decrease in conductivity compared to 
LiNTf2 doped SN that mixed with PVDF
77
. 
Fan et al. also studied composites of PEO and PVDF-HFP  polymers with 
pure SN and lithium doped SN adding various types of Li salts
78, 79
. Yue et al. also 
aimed at inhibiting crystallization of electrolyte by addition of PEO polymer to 
the LiClO4 doped SN molecular plastic crystal
80
. 
2.3 Research gap in conducted studies 
According to above-mentioned review, there have been very limited 
numbers of studies conducted on plastic crystal composites, employing a narrow 
range of plastic crystal chemistries. The improvement in mechanical properties 
was just reported to occur in limited types of polymer mixtures with molecular 
plastic crystals, mainly using succinonitrile, SN, in their studies. 
A couple of polymer chemistries mixtures with a single ionic plastic crystal 
type from pyrrolidinium family was investigated, in which deterioration of 
conduction properties was reported in lithium salt containing mixtures.  
In addition, an alternative morphology of the fillers have not been 
considered, except the change in particle size for ceramic inclusions. 
Importantly, detailed investigations of the causes leading to each 
observation in properties are missing in the studies, in particular the critical role of 
crystalline structural aspects was ignored.  
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 Chapter 3
Methodology  
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Various materials and techniques were employed in order to 
investigate the incorporation of polymer electrospun fibres within different 
OIPCs. The thermal behaviour of the materials was analyzed using 
differential scanning calorimetry (DSC). The crystal structures of different 
phases were investigated using variable temperature Synchrotron X-ray 
powder diffractometry (XRD). The mobility of ion species was probed 
using electrochemical impedance spectroscopy (EIS) and variable 
temperature, VT solid-state nuclear magnetic resonance spectroscopy 
(NMR). The molecular bonding and interactions were further analyzed 
through vibrational spectral features obtained using attenuated total 
reflectance Fourier transform infrared (ATR-FTIR) and Raman 
spectroscopy. Positron annihilation lifetime spectroscopy (PALS) was used 
to probe structural defects within the pure OIPC. Unless otherwise stated, 
all materials handling and preparation was conducted inside an Argon 
glovebox atmosphere (typically < 10-20 ppm H2O and <10 ppm O2). 
Transfer of samples for analysis was done using a hermetic transfer device, 
under nitrogen gas flow (in the case of SEM) or with minimal exposure to 
atmosphere (in the case of ATR-FTIR). 
3.1 Materials and fabrication 
3.1.1 Materials 
Figure ‎3.1 illustrates the chemical structure of the materials used for this 
study. 
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Figure ‎3.1. Chemical structure of the materials. 
N-ethyl-N-methylpyrrolidinium tetrafluoroborate [C2mpyr][BF4] (98%) was 
purchased from Io-li-tec. The OIPC was purified by recrystallization from dry 
acetonitrile (Merck) in two steps: precipitation for 24 h in a refrigerator at 4°C and 
stirring for 24 h in the presence of activated carbon at room temperature. The 
filtered solid from both steps was dried under reduced pressure for 48 h
‡‡
.  
Lithium tetrafluoroborate, LiBF4 (99.998%) was purchased from Sigma 
Aldrich and used as received. The pure [C2mpyr][BF4] was mixed with 10 mol% 
LiBF4 by dissolving both materials in dried acetonitrile (Merck) and mixing for 4 
h under a nitrogen atmosphere. The solvent was removed using a rotary 
evaporator followed by keeping in high vacuum at 50°C for 24 h. The 
concentration used here was chosen according to previous work on optimizing the 
ionic conductivity of the OIPC doped with various concentrations of the lithium 
salt
39
.  
The phosphonium cation based OIPCs triethyl(methyl)phosphonium bis 
(fluorosulfonyl)imide, [P1222][FSI] and triethyl(methyl)phosphonium bis 
                                                 
‡‡
 The 
1
H, 
13
C and 
19
F NMR spectra acquired from the purified batch of the [C2mpyr][BF4] 
are presented in the appendix to the thesis.   
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(trifluoromethanesulfonyl)imide, [P1222][NTf2] were synthesized following the 
procedures described in the study of Armel et al
81
. The 
triethyl(methyl)phosphonium tosylate was purchased from CYTEC, Canada. The 
lithium bis(fluorosulfonyl)imide, LiFSI was purchased from Fluolyte, China. The 
lithium bis(trifluoromethanesulfonyl)imide, LiNTf2 was purchased from SIGMA-
ALDRICH. The chemicals were used as received.  
1
H NMR for [P1222][FSI] (400 MHz, (CD3)2CO):   1.35 ppm (dt, JHH = 7.7 
Hz, JPH = 18.6 Hz, CH3, 9H), 2.01 (d, JPH = 13.7 Hz, CH3, 3H), 2.44 (dq, JHH = 
7.6 Hz, JPH = 13.3 Hz, CH2, 6H). 
13
C NMR (100 MHz, (CD3)2CO): 0.63 (d, 
2
JPC = 
53.3 ppm, CH3), 3.58 (d, 
1
JPC = 5.6 ppm, PCH3), 11.56 (d, 
1
JPC = 50.96 ppm, 
PCH2). 
19
F NMR (376 MHz, (CD3)2CO): 51.43 (F) ppm.  
1
H NMR for [P1222][NTf2] (400 MHz, (CD3)2CO):   1.35 ppm (dt, JHH = 7.6 
Hz, JPH = 18.6 Hz, CH3, 9H), 2.03 (d,  JPH = 13.7 Hz, PCH3, 3H), 2.45 (dt, JHH = 
7.6 Hz, JPH = 13.3 Hz, PCH2, 6H). 
13
C NMR (100 MHz, (CD3)2CO): 1.77 (d, 
2
JPC 
= 52.7 ppm, CH3), 4.73 (d, 
1
JPC = 5.5 ppm, PCH3), 12.68 (d, 
1
JPC = 50.9 ppm, 
PCH2). 
19
F NMR (376 MHz, (CD3)2CO): -79.95 (CF3) ppm
§§
.  
Lithium ion doping was conducted by dissolving the lithium salt within the 
melted OIPCs by magnetic stirring for an hour inside argon gloveboxes, at 48°C 
for [P1222][FSI] and at 105°C for [P1222][NTf2]. The Li-doped OIPCs were cooled 
down to room temperature and dried under vacuum at 30°C (Li-doped 
[P1222][FSI]) and 40°C (Li-doped [P1222][NTf2]) for 48 h.  
PVDF granules were purchased from Sigma Aldrich, having the average 
molecular weight of 275000 by GPC and polydispersity index of 2.57. 
Electrospinning was applied to a homogenous solution of 20 g PVDF granules in 
a 100 ml mixture of dimethylformamide (DMF) and acetone (4:6 v/v), using a KD 
Scientific pump with a flow rate of 1 ml/h. The applied voltage was 16 kV and the 
distance between the syringe tip and the collector was 15 cm. The spinning 
conditions were kept the same for all of the spun fibre mats. According to the 
SEM observations, the average fibre diameter achieved under such conditions was 
200 nm and the approximate porosity of the fibre mat was 90%. Both pure and 
                                                 
§§
 The 
1
H, 
13
C and 
19
F NMR spectra acquired from the synthesized batches of the 
phosphonium cation based OIPCs, [P1222][FSI] and [P1222][NTf2] are presented in the appendix 
section of the thesis.   
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lithium-doped OIPCs were introduced into the nanofibre mat by casting of the 
OIPCs dissolved in acetone (HPLC grade, Scharlau). 
 PAMPSLi fibres having the average molecular weight of 352000 and 
polydispersity index of 2.716 were synthesized and spun following the similar 
procedures described in Cui et al study
82
. 0.1 mole of 2-acrylamido 2-
methylpropanesulfonic-acid, AMPS (20.725 g) was dissolved in 50 ml DMF, 
followed by addition of 0.05 mole (3.695 g) lithium carbonate, Li2CO3 into the 
mixture. The mixture was stirred for 30 min and the pH of the solution was 7. 5 
ml of azobisisobutyronitrile, AIBN (0.2 M in toluene) was added into the solution 
and stirred for 15 min at room temperature in order to ensure that the 
concentration of AIBN in the system was 2×10
–2
 mol/l. The solution was 
degassed under N2 bubbling for 30 min, followed by applying polymerization 
through resting at 65
o
C for 2 h. The majority of solvent was removed within a 
rotary evaporator until a viscous solution was obtained. The solution was injected 
into a large quantity of dry acetone and stirred for 2 h in an ice bath. The fibre-like 
precipitate that formed was separated by filtration. The final solid product after 
NMR characterization was dried at 80
o
C in vacuum oven for 48 h before using for 
electrospinning. 
1
H NMR (D2O, 400 MHz),  1.47 ppm (s, CH3, 68H), 2.03 (br, 
CH2-CH, 8H), 2.66-2.94 (m, CH-CO, 4H), 3.36 (quintet, SO3H, 17H), 4.56 (s, 
CH2-SO3H), 7.0 (s, NH, 1H)
***
. 
Dried PAMPSLi powder was dissolved into a mixture of ethanol/H2O as co-
solvents (1/1 wt. ratio) to prepare the electrospinning solution. Basically, the 
dissolution was performed at room temperature and magnetically stirred for 24 h 
to obtain a transparent solution. The content of PAMPSLi in solution was 35 wt%. 
For spinning fibres the solution was added into a plastic syringe with the stainless 
steel needle (Terumo, 20 G×1 1/2''). The solution was pumped out by syringe 
pump with flow rate of 0.5 ml/h with applying 20 kV between the tip of needle 
and the collector (high voltage power supply of 0-30 kilovolts, 350 μA, Gamma 
High Voltage Research, USA). The distance between the needle tip and collecting 
drum was 15 cm. A grounded rotating drum collector (100 r.min
–1
) was used in 
order to produce a uniform mat. The spinning conditions were kept the same for 
all of the spun fibre mats. According to the SEM observations, the average fibre 
                                                 
***
 The 
1
H NMR spectrum acquired from the synthesized batch of the PAMPSLi is 
presented in the appendix section of the thesis.   
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diameter achieved under such conditions was 700 nm and the approximate 
porosity of the fibre mat was 85%. The electrospun mats with thickness of 35 um 
were collected and dried inside vacuum oven for 48 h at 55
o
C before further use.  
All chemicals for the preparation of PAMPSLi fibres were purchased from 
Sigma Aldrich, except the solvents. Toluene and acetone (both HPLC grade, 
99.9% and 99.8% purity, respectively) were purchased from Scharlau. The 
absolute ethanol (assay 99.5% min) was purchased from Chem Supply. 
The lithium doped pyrrolidinium OIPCs and composites exhibited 
degradation in the presence of moisture and heat (only with the co-existence of 
both elements), which was observed by a change in the color from white opaque 
to yellow-orange. Therefore, proper sealing of the samples is critical prior to 
running any experiment and should also be checked after finishing each test prior 
to report any data. Accordingly, drying of the samples between individual steps of 
the materials preparation is critical, which has been reported in detail in each 
section. 
It has to be considered that OIPCs, in general, have been reported to exhibit 
a metastable phase behavior
39
. This aspect was considered in designing all 
experiments of the study, by running various scans under different conditions on 
duplicate samples prior to reporting any data from each technique. The settings 
reported for each technique employed in this study are an optimized condition, in 
order to assure that artefacts of this behavior were removed. Some of these 
investigations have been reported in section 5.2.B, in which the findings include 
valuable information on the sources of this behavior, contributing to the discovery 
of additional tools in controlling the materials properties of OIPC electrolytes, 
beneficial to the future device applications.  
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3.1.2 Procedure for composite material preparation  
A solvent casting technique was used to introduce the plastic crystals within 
the nanofibre mat. Dried Acetone (HPLC grade) was used to dissolve the pure and 
Li-doped OIPCs to cast within the fibre mats. All casting procedures were done 
inside the controlled atmosphere of an argon-filled glovebox. All materials were 
dried under vacuum below their transition temperate into phase I prior to solvent 
casting. The fibre mats required careful handling to avoid damage. The mass ratio 
were kept the same to be 80-90 wt% OIPC with respect to the polymer fibres in 
all studies, except where is specified in the text. According to the Scanning 
Electron Microscopy, (SEM) observations, which some of the micrographs are 
presented in the following chapters; all pores in between the fibres were filled by 
the OIPC when the mass ratio of the OIPC was above 80 wt%. The solvent 
casting procedure was not applied in one step but in a number of successive steps, 
in the majority of cases in 4 steps. At each step ¼ of the OIPC was introduced in a 
few droplets, mostly divided into 2 droplets to ensure homogenous wetting of the 
fibre mat at each step. After each step, the cast mat was left for few minutes to dry 
inside the controlled atmosphere of the glovebox (5 min drying duration in initial 
stages, but the thicker mats loaded with more OIPC required a longer duration and 
so 10 min was used in the last step). After the final casting step, the samples were 
transferred into the vacuum oven attached to the glovebox atmosphere without 
exposure to the air and dried under vacuum for 24 hr at the temperatures specified 
in Table ‎3.1. In order to ensure a uniform distribution of the OIPC within the 
fibres, the dried samples were transferred into an hermetically sealed KBr die and 
pressed at a pressure of 0.5 tonnes for 10 min between two Teflon liners at the 
temperature reported in Table ‎3.1. After removal of the samples from the KBr die, 
they were re-dried under vacuum for 24 hr at the temperatures mentioned in 
Table ‎3.1.   
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Table ‎3.1. Dry and press temperatures for the fibre composite membranes of 
each OIPC system. 
OIPC 
Drying temperature 
before press (°C) 
Press 
temperature 
(°C) 
Drying 
temperature 
after press (°C) 
[C2mpyr][BF4] 55 60-65 55 
[P1222][FSI] 30 
Room T 
(~21°C) 
30 
[P1222][NTf2] 40 30 40 
3.2 Differential scanning calorimetry (DSC) 
The technique has been widely used to study thermal properties and phase 
behaviour of materials. The technique provides useful quantitative and qualitative 
information on physical and/or chemical transformation involving exothermic or 
endothermic processes. Thus, it has been employed for a broad range of 
applications in materials science and engineering for probing various thermal 
phenomena and processes such as melting behaviour, curing, crystallization and 
nucleation, stability, polymorphism, miscibility of phases, liquid-crystalline 
transitions, behaviour of plasticizers, phase diagrams and compositions, thermal 
history of materials, glass transitions, heat capacity, reactivity, reaction and 
transition enthalpies, reaction kinetics and purity levels.  
The technique is based on measuring differences in heat flow as a function 
of temperature or time between sensors attached to sample and reference 
crucibles. When a sample undergoes a thermal process a certain amount of heat is 
absorbed or released relevant to the changes, reactions, transitions, vaporization 
(and other) processes which occur in the crystalline and/or chemical structure of 
the materials. Detection of the difference in heat flow between the sample and a 
reference, allows measurement of the amount of heat absorbed or released during 
such transitions. DSCs operate under different isothermal or variable temperature 
modes with programmable constant or modulated rates. The technique was used 
in this work to record phase transition temperatures and gain information on 
thermal properties of OIPCs such as enthalpy and entropy of transitions. 
 In this work a Mettler Toledo DSC1 with capability to probe a temperature 
range of –150°C to 700°C was used. The instrument is equipped with FR5 
ceramic sensors, 56 AuPd thermocouples, heating and cooling units and an 
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external computer control with STAR
e
 V6.10 analyzing software. The furnace 
chamber was purged with regular controlled gas flow. All samples were vacuum 
dried prior to weighing and sealed inside aluminum crucibles with an amount of 
3-5 mg inside an Argon glovebox. For samples containing pyrrolidinium cation 
based OIPC, a temperature range of –100°C to 130°C with a scan rate of 
10°Cmin 
–1  was used to study the thermal behaviour of the materials. All samples 
were held at –80°C for 20 min and at –100°C for 5 min during the cooling 
step before heating, to allow equilibration of the low temperature phases. 
Three temperature scans in the mentioned temperature range were applied and the 
second scan is used for reporting data. For phosphonium cation based OIPCs, the 
reported data were from second scans of the heating segment with a rate of 
2°Cmin
–1
 which were all pre-cooled with a rate of 10°Cmin
–1
. All data are 
normalized to the mass of OIPC in each experiment.  
Prior to programming the above-mentioned thermal scanning procedures, a 
series of measurements were conducted on duplicate samples of each material. 
Different ramp rates in both cooling and heating scans were applied to probe the 
dependency of the phase transitions on the scan rate. Various annealing conditions 
at low temperatures were applied in order to assure complete crystallization had 
occured prior to heating of the samples. The temperature range was also extended 
to higher values than reported in the studies to detect decomposition temperatures 
in order to set the final temperature of each scan well below any decomposition 
process. It was also assured removal of any artefact related to metastability of the 
phase behavior, except where it is specified in the text. 
All of the presented graphs are related to the second temperature scan, 
unless it is otherwise specified in the text. 
3.3 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy has found broad application in 
physical electrochemistry and verifying equivalent circuit elements of an 
electrochemical cell. The technique is capable of providing fundamental detailed 
investigations of essential electrochemical characteristics such as ion 
conductivity, double layer capacitance, charge transfer resistance, diffusion of 
ionic species, etc.  
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The electrical resistance is the degree of current a component in electrical 
circuit allows to flow under certain amount of applied voltage. The resistance 
through ionic transfer within an electrochemical cell is more complex, having 
dependency on frequency of AC current. Impedance spectroscopy probes the 
impedance response of an acquired AC current to an applied AC voltage and 
allows determination of the resulting magnitude and phase shift. Electrochemical 
impedance is measured by exciting an electrochemical cell by specific amplitude 
of sinusoidal potential over a range of frequencies and recording the AC current 
response from the system which can be analyzed through Fourier series of the 
sinusoidal functions. Usually a small potential amplitude is applied to ensure the 
current response is in pseudo-linear range in which the current is in the same 
frequency as AC potential but with a shift in phase (Figure ‎3.2). 
 
Figure ‎3.2. Pseudo-linear response of current to the ac potential excitation. 
The excitation potential, the AC current response and the impedance of the 
cell can be expressed as using the equations: 
             ( 3.1) 
               ( 3.2) 
  
  
  
 
         
           
   
       
         
 ( 3.3) 
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                 ( 3.4) 
The equation for impedance consists of real and imaginary parts 
(Equation ‎3.1). The plot of the imaginary part as a function of real values 
respectively in Y and X axis is one way of plotting the resultant data from the 
experiment, which is known as a Nyquist plot. Each point in a Nyquist plot is the 
impedance at a certain frequency (Figure ‎3.3).  
 
Figure ‎3.3. Nyquist plot. 
Semicircle in nyquist plots reflects the presence of parallel R-C element 
(resistance-capacitance) that can be fitted to the electrochemical cell with the 
physical interpretation. The first touchdown point corresponds to the bulk 
resistance of ionic conducting media. The conductivity of the bulk material in the 
cell can be calculated using the following equation: 
           ( 3.5) 
Where σ is the conductivity of the electrolyte in Scm–1, t is the distance 
between the electrodes in cm (or in this case the thickness of the solid state 
electrolyte), R is the bulk resistance of the electrolyte in ohm and A is the surface 
area of the electrodes covered by the electrolyte in cm
2
. 
Activation energy of all materials in each phase was calculated according to 
following equation
83
: 
       
   
  
 ( 3.6) 
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In which   is ionic conductivity in Scm-1,  0 is a pre-exponential factor, R is 
the gas constant in J mol
-1
 K
-1
, T is temperature in K and Ea is activation energy in 
J mol
-1
 . 
In this study, air tight barrel cells were used for solid state ionic 
conductivity measurements (Figure ‎3.4). The samples were placed between the 
stainless steel electrodes of the cells which were well polished (up to 4000 grit 
polishing papers), rinsed with ethanol and dried. Pellets of the pure plastic crystals 
were prepared by pressing in sealed KBr die under 3.5 tonnes pressure. All 
samples were dried for 24 h under vacuum at the OIPC phase I temperature before 
cell assembly inside the argon glovebox. 
 
Figure ‎3.4. Conductivity barrel cell. 
A Bio-logic SP-200 potentiostat driven by EC-lab v10.12 software, a 
Solartron Modulab MTS system and MTZ 35 Biologic system were used for the 
EIS measurements. A tubular Helios furnace (28 V, 32 W) with a flexible ceramic 
heater was used to apply the desired temperature range for the measurements. The 
heaters were controlled by a Eurotherm 2204e or 3501e temperature controller 
interfaced to the potentiostat, allowing impedance spectra to be acquired 
automatically throughout a programmed isothermal temperature profile.  
Samples were excited with amplitude of 100 mV and depending on the 
nature of the sample and the equipment, a frequency range of 6 MHz – 100 mHz 
was applied over a temperature range dictated by phase transformation 
temperatures of the materials and the limitations in cooling and heating range of 
the instruments. Typically these temperatures ranged from 30°C to 130°C for 
[C2mpyr][BF4] system, –40°C to 40°C for [P1222][FSI] and –20°C to 95°C for 
[P1222][NTf2] systems. 
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With the aim of removing any artefact related to metastability of the phase 
behavior of the OIPCs, several temperature scans were applied during each 
measurement on duplicate samples of each material (at least 2 samples per each 
reported trace). Prior to reporting any data, various heating and temperature 
stabilization durations for both heating and cooling scans were applied. 
Accordingly, a ramp rate of 0.5
º
Cmin
-1
 and temperature stabilization duration of 5 
min were set for data acquisition in temperature intervals of 5
º
C for all 
measurements in heating scans.  The data were also acquired in cooling scans with 
the consideration of that the cooling rate was controlled by the heat flow from the 
cylinder to the lab environment, having the stable temperature of 21ºC± 1ºC. All 
the presented graphs are related to the second heating scans of the materials, 
unless where it is otherwise specified in the text. 
3.3.1 Galvanostatic cell cycling 
Galvanostatic charging and discharging is an electrochemical technique 
used in battery testing to evaluate battery component efficiency by monitoring the 
potential response of the device.  
In this work, lithium symmetric cells were used to investigate the 
electrochemical compatibility of novel composite electrolytes with lithium metal 
electrodes. A 10 mol% LiBF4 doped composite sample was sandwiched between 
lithium foils and sealed in an electrochemical cell (Figure ‎3.5). Lithium foil with 
99.9% purity was purchased from Sigma Aldrich. The foils were brushed and 
rinsed with Hexane and rolled with a stainless steel roller to create a smooth 
surface and finally punched into 10 mm diameter disks. The OIPC composite 
samples were prepared with 13 mm diameter and 45 ± 5 µm thicknesses. All of 
the cell assembly steps were performed inside an argon glove-box. A Biologic 
VMP3/Z multichannel potentiostat linked to an Heraeus 6000 series temperature 
controlled oven was used for galvanostatic cycling of the cells at 10, 20, 50 and 
100 µAcm
–2 
at various temperatures (50°C and 80°C at which the [C2mpyr][BF4] 
composite is in phase II and I respectively). EIS measurements were also acquired 
at intervals throughout the cycling experiments. Before cycling, the cells were 
equilibrated for 24 h inside the oven at the experiment temperature. 
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Figure ‎3.5. Cup cell and schematic showing conformation of the materials 
included within the lithium symmetric cell. 
3.4 Solid state Nuclear Magnetic resonance (NMR) 
spectroscopy 
Nuclear magnetic resonance spectroscopy is a powerful technique for 
probing dynamic behaviour and diffusion in electrolyte materials. The aim of 
employing the technique in this study was to probe ionic species mobility within 
OIPCs and OIPC nanofibre composites.  
Nuclei of each atom have a property called spin which is quantified with a 
spin number (0,   ⁄ , 1,   ⁄  , …). Nuclei with spin number 0 have no nuclear 
magnetic moment while the ones with numbers greater than 0 do have magnetic 
dipole with a magnetic moment μ (e.g. 1H, 13C). These nuclei can interact with 
magnetic fields and start precession along the magnetic field axis. Depending on 
the spin quantum number and the orientation of the precession two (or more) 
distinct spin states and accordingly energy levels are generated. This is caused by 
the so-called Zeeman interaction or Zeeman splitting, creating a certain energy 
gap attributed to a frequency known as the Larmor frequency (Figure ‎3.6). For 
example, the Larmor frequency of 
1
H under an external magnetic field of 11.7 T is 
500 MHz. The Zeeman interaction is usually the strongest interaction in NMR 
spectroscopy compared to the magnitude of other interactions
84
. 
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Figure ‎3.6. Zeeman splitting. 
 
The magnetic moments of nuclei within the material are randomly 
distributed, averaging to zero magnetization for the sample overall. When a 
magnetic field is applied the moments reorient to reach a bulk magnetization. The 
time characterizing the return of bulk magnetization back to thermal equilibration 
is known as longitudinal relaxation time constant, T1 or spin-lattice relaxation 
time (Figure.‎3.7). 
 
 
Figure.‎3.7. Spin-lattice relaxation. 
 
 
Different interactions, e.g. chemical shift, dipolar and J-couplings, cause 
modulations in the magnetization decay. This is also called Free Induction Decay 
(FID) and is the actual signal that is recorded in every NMR experiment. Via 
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fourier transformation the time domain signal is transformed into a frequency 
domain spectrum, which is more common in reporting data.  
The electronic environment around the nuclei creates a local field which 
causes a change in the overall magnitude of the applied field. This phenomenon is 
called chemical shielding. The shielding causes a change in the actual value of the 
precession frequency. Therefore, NMR peak positions are reported as relative 
values with respect to a reference material according to the following equation: 
  
      
    
        ( 3.7) 
δ is defined as chemical shift. TMS (tetramethylsilane) is the common 
reference material for 
1
H and 
13
C chemical shifts. As larger atoms having a higher 
electron density usually greater chemical shielding and thus a bigger chemical 
shift range are observed. For example, 
1
H with a smaller size has smaller chemical 
shift range than others, e.g. 
13
C. Figure ‎3.8 is an example illustrating characteristic 
chemical shifts for 
1
H in various molecular environments with respect to TMS. 
 
 
Figure ‎3.8. Example showing characteristic 
1
H chemical shift in different 
structures. 
The orientation-dependence of interactions in the solid state, along 
with the slow dynamics in many solid materials compared to the liquid 
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state, results in observing broad spectra which can be difficult to be interpret 
but still contain very useful structural information for the solid material. 
Various techniques have been developed to resolve the issue
85
 such as 
Magic Angle Spinning (MAS), Cross Polarization (CP), etc, which were not 
typically employed in this study. In this study the line widths of static NMR 
spectra and spin-lattice relaxation times have been used as criteria reflecting 
the degree of mobility of the nuclei within the structure of the materials. 
Solid-state NMR spectra were recorded on Bruker Avance III 
spectrometers, operating at 7.05 T and 11.4 T, at Larmor frequencies of 
300.13 (500.13), 282.3 (470.6) and 116.67 (194.45) MHz for 
1
H, 
19
F and 
7
Li, respectively. All 
1
H chemical shifts were recorded relative to TMS, all 
19
F shifts to CCl3F, and 
7
Li shifts to a 1 M LiCl aqueous solution. All 
samples were prepared and packed into 2.5 mm or 4 mm zirconia MAS 
rotors in a glove box. The packed rotors were loaded into Bruker solid-state 
NMR probes and measured at varying temperatures starting at 20°C. 
Between each temperature step samples were equilibrated for 15-30 min. 
Temperature was calibrated using Pb(NO3)2 to be precise within ± 2°C
86
.   
The collected spectra were analyzed using DMfit software
87
. Extracted 
7
Li 
line width values were plotted against temperature and the correlation time for 
lithium ions was calculated by fitting of the curves according to the following 
equation
88
: 
      (
 
 
)    
            ( 3.8) 
        (
  
  
)          ( 3.9) 
In which Δν is the line width in Hz, δω0 is the rigid line width in Hz, τ is 
correlation time in s, τ0 is the correlation constant, Ea is the activation energy in 
Jmol‎
–1‎, k is the Boltzmann constant in JK‎
–1‎ and T is temperature in K. 
3.5 Synchrotron X-ray diffractometry (SXRD) 
The properties of solid-state crystalline materials are significantly dependent 
on the ordering of atoms, ions and molecules within their bulk structure. The use 
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of X-radiation, with comparable wavelengths to the atomic spacing in crystalline 
structures (in the order of 0.01 to 10 nm), is a powerful tool in determining 
crystalline structures. The X-ray radiation used in lab crystallography is produced 
by an electron beam incident onto a specific target material resulting in the 
removal of electrons from lower energy atomic levels and their replacement from 
higher atomic energy levels under emission of X-ray radiation of a defined 
wavelength characteristic to the target material. Copper is the most common target 
material, producing X-rays with wavelength of 1.578 Å. The diffraction of the X-
ray on atoms or molecules within the crystal causes constructive interference 
reflections in specific directions. The analysis of the diffraction angles and 
intensities provides information on the three dimensional ordering of the atomic 
layers within the crystal according to Bragg's law: 
           ( 3.10) 
in which  is the wavelength of the X-ray in Å ,  is diffraction angle in degree, n 
is the order of reflection and d is the atomic inter layer spacing in Å. (Figure ‎3.9)  
 
Figure ‎3.9. Schematic representation of X-ray diffraction indicating the 
parameters used in Bragg's law. 
X-rays are also available from a synchrotron light source (Figure ‎3.10). A 
synchrotron light is created by accelerating electrons to almost the speed of light. 
A series of magnets specific for each application deflect the light and extremely 
bright light is produced with convergence of the multi arrays of the electron 
beams using Si detectors. The synchrotron X-ray source has several benefits over 
laboratory-based equivalents: higher intensity and brightness by orders of 
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magnitude, high collimation
†††
, high polarization, low emittance, high flexibility 
in tuning wavelength using monochromators and allowing pulsed light emission. 
Overall, this allows high quality fast rate studies to be conducted on single crystal 
and polycrystalline samples. Powder diffraction is used for the study of 
polycrystalline materials. The third generation synchrotron beamline at the 
Australian Synchrotron allows information from sub-micrometer individual grains 
to be obtained. The ideal way to refine the crystalline structure is through the use 
of single crystal diffractometry. 
                                                 
†††
 Small diverge of the beam 
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Figure ‎3.10. Synchrotron light formation (a), multi array Si detectors used in 
Synchrotron X-ray diffractometry, giving high brightness and 
resolution (b) and the experiment set up(c). 
In this study, variable temperature XRD was conducted on pure and lithium 
doped OIPCs and their PVDF or PAMPSLi nanofibre composites at the powder 
diffraction beam line at the Australian Synchrotron. An array of 16 MYTHEN ID 
microstrip silicon detectors with each module spanning about 5 degrees in 2θ 
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covered data collection over the angular range from ~3° to 83°. All samples were 
packed into 0.3 mm borosilicate glass capillaries (supplied by Charles Supper 
Company, Massachusetts, USA) inside a controlled atmosphere (argon) glovebox. 
The calibration was made with respect to a 5 min acquisition for the NIST 660b 
LaB6 reference material. The wavelength was set at 1.001295 Å using a Si (111) 
double crystal monochromator prior to data collection. The temperature was 
controlled within 0.1-0.2°C of the set point for all measurements using a 
Cyberstar hot-air blower. A 5°C min‎
–1‎ temperature ramp rate was applied prior to 
equilibration at each temperature for 10 min for all samples. The data were 
acquired for 5 min for the pure OIPC and 7.5 min for the lithium doped OIPC for 
each of the two detector settings. For each of the two detector settings, the 
acquisition duration for each material varied from 5-10 min depending on the 
measurement temperature and the nature of the sample (typically longer 
acquisitions were required for low temperatures and also for fibre incorporated 
samples). Several variable temperature isotherms in heating and cooling scans 
were acquired on the pyrrolidinium OIPCs and composites in order to investigate 
their phase stability. A parallel study of variable temperature diffractometry on the 
phosphonium OIPC also exhibited stability of the acquired patterns over more 
than 20 temperature isotherms. The fibres also exhibited stability upon 
diffractometry, as their incorporation did not affect the matrix OIPC diffraction 
patterns in the composite samples. The data acquired from each detector setting 
was merged into a single set for each material and the patterns plotted from the 
merged data thus obtained. The numbers of ion pairs filling each unit cell was 
calculated by assuming the density of the pure material according to the previous 
studies
89-91
. Accordingly, the theoretical density of the materials was calculated by 
considering the total mass of the reported ion pairs occupying the volume of each 
unit cell. The patterns were indexed following by structure determination and 
refinement using TOPAS software. 
3.6 Vibrational Spectroscopy 
Vibrational spectroscopy covers analytical techniques based on the 
absorption of wavelengths of light by specific molecular bonds. The plot of 
intensity of the light source versus frequency provides fingerprints from the 
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molecular chemical structure due to the absorbed or transmitted wavelength from 
each component of the chemical structure. This provides valuable information 
from the nature of bonding according to the Planck's law: 
     ( 3.11) 
in which E is a particular energy level associated with a certain chemical bonding 
in a sample in eV,  is the absorbance frequency and h is Planck's constant in eVs. 
The vibrational modes within a particular molecule depend on the types of atoms, 
their mass and orientation, and the nature of the bonds present. Non-linear 
molecules can have 3n-6 vibrational modes, in which n represents the number of 
atoms in a molecule. As the modes depend on the symmetry of the molecules, the 
technique provides valuable information about the molecular shape and strength 
of individual bonding along with possible interactions that can be due to the 
presence of additives. Vibrational spectroscopy generally comprises two major 
analytical techniques: Infrared and Raman spectroscopy. Infrared spectroscopy 
(IR), which covers the infrared region of the electromagnetic spectrum, is more 
common than Raman spectroscopy in laboratory use. However, some bands 
within the chemical structure of the materials are not IR-active, i.e., when the 
vibrational mode results in no net change in the dipole moment of the molecule. 
In this case Raman spectroscopy is a valuable technique in providing 
complementary information due to its sensitivity to the polarizabilty of a bond 
(i.e., deformation of the electronic charge), in particular for probing symmetry 
within the structure.  
In this project both techniques were used to evaluate the effect of Li-salt 
doping and nanofibre incorporation into the OIPC system. 
ATR-FTIR spectral data was acquired on an Alpha FTIR spectrometer 
(Bruker Optik GmbH, Ettlingen, Germany) equipped with a deuterated triglycine 
sulfate (DTGS) detector and a single-reflection diamond ATR sampling module 
(Platinum ATR QuickSnap™) at 45o angle of incidence. A background spectrum 
was individually acquired on a clean ATR surface prior to each sample 
measurement. A few milligrams of the solid electrolyte sample was placed onto 
the 2×2 mm
2
 sensing surface of the diamond ATR crystal before applying 
pressure to the top of the sample using an ergonomic clamp, and a few high-
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quality spectra were collected from each sample. The pressure applied by an 
ergonomic metal clamp was estimated to be less than 20 MPa. The ATR-FTIR 
acquisition parameters used in OPUS 6.0 software suite (Bruker) throughout the 
study included 4 cm
‎–1‎
 spectral resolution, 64 co-added scans, Blackman-Harris 3-
Term apodization, Power-Spectrum phase correction, and a zero-filling factor of 
2.  
Raman microspectroscopic measurements were conducted using a Renishaw 
InVia Raman Microspectrometer (Renishaw plc, Gloucestershire, UK), which was 
equipped with a 633-nm HeNe laser (RL633 HeNe, Renishaw plc, 
Gloucestershire, UK) and a thermo-electrical cooled CCD detector. In order to 
prevent deformation of the solid electrolytes under ambient conditions, the 
samples were prepared in a glove box by placing few mg of sample between two 
0.25-mm-thick cover slip borosilicate glass slides, which were subsequently 
sealed with parafilm. The Raman spectral data was then acquired using a 50× long 
working distance objective (Leica N PLAN L 50x ULWD, Leica Microsystems 
Pty Ltd, Australia) by focusing through the top slide glass into the sample matrix. 
The original laser power measured at the sample of ca. 12 mW was reduced to 1-6 
mW to prevent heating and photochemical damage to the samples. Acquisition 
parameters for spectral data collection performed using WiRE 3.4 (Renishaw) 
included 10 s exposure time and 4-cm
‎–1‎
 spectral resolution. Spectral post-
processing consisting of baseline correction and 9-point smoothing was performed 
using OPUS 7.0 (Bruker Optik GmbH) software. 
3.7 Positron Annihilation Lifetime Spectroscopy (PALS) 
Positron Annihilation lifetime spectroscopy has been shown to be an 
effective technique in probing defects within polymers and OIPCs
57
. The PALS 
technique uses ortho-positronium (o-Ps) annihilation to measure the relative size 
and number of free volume elements in the material. O-Ps is the bound state of a 
positron (e
+
) and an electron (e‎
–‎) of the same spin. O-Ps preferentially locates to 
areas of low electron density (i.e. free volume) and subsequently annihilates when 
colliding with another free electron from the sample. Therefore the larger the free 
volume, the longer o-Ps lifetime, and hence a relationship can be determined to 
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calculate the size of the free volume elements. The Tao-Eldrup equation is used to 
calculate the average free volume radius (r) from the o-Ps lifetime (τ3);  
    
 
 
(  
 
    
 
 
  
   *
   
    
+)
  
 ( 3.12) 
where Δr is the empirical electron layer thickness (1.66Å)92, 93. 
In this study, experiments were performed to determine the free volume and 
relative number of free volume elements within the pure OIPC and PVDF 
nanofibre composite samples. The samples were assembled and run under dry 
nitrogen atmosphere at 20°C and 80°C. Two 1.5 mm thick sample disks were 
placed on either side of a 
22
NaCl positron point source, which was enclosed in 
Mylar. The measurements were performed on an automated EG&G Ortec fast-fast 
coincidence system and a minimum of 5 files of 1×106 integrated counts with a 
timing resolution of 230 ns were collected. The spectra were de-convoluted using 
LT (version 9.0) software
94
 to determine the average lifetime and intensity for 
each sample; the source correction was 1.703 ns and 3.798%. Each sample had 
three lifetimes and corresponding intensity components. The first lifetime was 
fixed to 0.125 ns and assigned to para-positronium formation; the second lifetime 
was ~0.4 ns and assigned to free positron annihilation within the sample; while 
the third component was associated with o-Ps annihilation, and was used to 
measure the relative size and number of free volume elements in the samples.  
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 Chapter 4
N-Ethyl-N-methylpyrrolidinium 
tetrafluoroborate composites 
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4.1 Overview 
Pyrrolidinium based compounds showed high ionic conductivity due to the 
small cation size allowing greater rotation compared to other groups such as 
imidazolium [Cnmim] and tetraalkyl-ammonium [R4N] cations
36, 57
. Lithium 
doping was found to improve the conductivity by similar mechanisms as 
previously described for other OIPC systems
53
.  
The successful use of the OIPC N-ethyl-N-methyl pyrrolidinium 
tetrafluoroborate [C2mpyr][BF4] within Li metal cells was also demonstrated. 
However, the conductivity of the material was not high enough for low 
temperature applications. Successful cell functioning was reported to be limited to 
moderate-high temperatures, 80°C and 100°C
39
, where the material is in 
crystalline plastic phase I. The broad range of the plastic phase (from 52°C up to 
275°C) makes this OIPC promising for device application. However, the material 
has poor mechanical properties below 55°C, and exhibits brittle and fragile 
properties under very low loads.  
In the current study, we sought to improve the properties of the N-ethyl-N-
methylpyrrolidinium tetrafluoroborate, [C2mpyr][BF4] by the incorporation of 
polyvinylidene difluoride (PVDF) electrospun nanofibres to fabricate self-
standing membranes for electrochemical device applications. It was hypothesized 
that incorporation of the fibres would improve the mechanical properties of the 
OIPC by providing a mechanical support. In the meanwhile, improvement in the 
conduction process is also desired. 
The phase behaviour and conduction properties of pure and Li-doped 
composite materials were investigated. The promising observation of improved 
properties of the material allowed study of the electrochemical cycling of the 
material within a device. The Li-doped (as LiBF4) material was used as an all 
solid state electrolyte membrane in a lithium metal cell assembly. Symmetric 
lithium cell studies indicated compatibility of the material with Li metal, 
exhibiting stable electrochemical cycling under various current densities. The 
composite material exhibited high cycling performance compared to the neat 
OIPC and interestingly, low temperature phase II application of the OIPC was 
successfully achieved due to the enhanced conductivity of the OIPC achieved via 
nanofibre incorporation
38
.  
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These promising findings prompted further investigation to provide 
fundamental understanding of the role of the fibres on the ion transport 
mechanism of the plastic crystal, which is essential for optimizing device 
performance through fine-tuning of the composite material properties. Therefore, 
a thorough investigation of the phase and conduction behaviour of the pure and 
lithium-doped plastic crystal, with and without the incorporation of polymer 
nanofibres, was conducted. Ion dynamics were evaluated using VT solid-state 
NMR spectroscopy. ATR-FTIR spectroscopy was employed to gain insights into 
the molecular interactions of doped lithium ions and/or the PVDF nanofibres in 
the matrix of the [C2mpyr][BF4] composites. Analysis of the structure of the 
plastic crystal, including the effects of lithium ions and the incorporation of PVDF 
fibres, was conducted by means of synchrotron XRD. Preliminary measurements 
using PALS were conducted to probe structural defects within the pure materials.  
It was found that ion transport within the plastic crystal was significantly 
altered by doping with lithium ions, due to the precipitation of a second phase in 
the structure. The incorporation of the fibres activated more mobile sites in the 
systems, but restricted ion mobility, with differing trends, were observed for each 
ion species in each crystalline phase. In the presence of the fibres, the strong 
interaction between the Li ion and the pyrrolidinium ring disappears and 
formation of the second phase is prevented. As a result, an increased number of 
mobile lithium ions were released into the solid solution structure of the matrix, 
simultaneously removing the blocking effect of the second phase. Thus, ion 
conduction was improved within the Li-doped composite, compared to the neat 
Li-doped plastic crystal. 
The following sections present the observations from detailed studies of the 
materials properties, ion dynamics, interactions between ion species and 
molecules, and the crystalline structure of the materials. These are followed by a 
discussion of the findings and the conclusions drawn from the studies. The 
publications reporting the findings of this study are listed at the end of the chapter. 
Figure ‎4.1 illustrates the chemical structure of the materials studied in this 
chapter. 
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Figure ‎4.1. Chemical structures of a) N-ethyl-N-methylpyrrolidinium 
tetrafluoroborate [C2mpyr][BF4] and b) Polyvinylidene difluoride, 
PVDF. 
4.2 Physical appearance 
Scanning electron micrographs of the materials are presented in  Figure ‎4.2. 
Pure [C2mpyr][BF4] reveals a single phase with a well-defined grain structure 
(Figure ‎4.2 a). 10 mol% Li-doping introduces significant changes to the 
microstructure of the pure OIPC, adding secondary features that appear to 
interrupt the grain distribution to a great extent (Figure ‎4.2 b). The secondary 
features are not only observed within the bulk OIPC but also at the grain 
boundaries.  Also, some features similar to slip lines are evident in the Li-doped 
OIPC. Fibre incorporation introduces a number of changes within both the pure 
and Li-doped OIPCs (Figure ‎4.2 c and d). It appears that the fibres interrupt the 
unity or continuity within the bulk of each individual grain. Therefore, it seems 
like the grain size of the OIPCs is affected in the presence of fibres to a great 
extent. The most interesting observation was found for the Li-doped OIPC, which 
does not show the secondary feature in the matrix in the presence of fibres 
(Figure ‎4.2 d). 
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Figure ‎4.2. SEM micrographs of the pure [C2mpyr][BF4] (a), Li-doped 
[C2mpyr][BF4] (b), [C2mpyr][BF4]/PVDF composite (c) and Li-
doped [C2mpyr][BF4]/PVDF composite (d). 
A cross-section of the pure [C2mpyr][BF4] within PVDF nanofibres is 
shown in Figure ‎4.3. As can be seen in the micrographs, uniform films can be 
achieved by casting and pressing the OIPC within the polymer fibres and the 
thickness can be altered depending on the duration of the electrospinning process. 
In this study the thickness of the samples was kept at 45-55 μm. 
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Figure ‎4.3 Cross section of the pure [C2mpyr][BF4]/PVDF composite. 
4.3 Phase behaviour and crystalline structure 
Figure ‎4.4 shows thermal traces obtained from DSC measurements on pure, 
10 mol% lithium-doped [C2mpyr][BF4] and the corresponding PVDF nanofibre 
composites. The OIPC, [C2mpyr][BF4] undergoes several solid-solid phase 
transformations at low temperatures (labelled as IV to I in Figure ‎4.4) and stays in 
the solid-state plastic phase I over a broad temperature range from 64.5°C up to its 
decomposition temperature at around 250°C
39
. Mixing with lithium salt (the trace 
labelled Y in Figure ‎4.4) introduces additional peaks at low temperatures below 
the phase IV to III transition and also after the transformation from phase II. The 
additional transitions were observed in other studies of lithium salt mixtures in 
pyrrolidinium based OIPCs
39, 95
. Similar phase transitions were observed for the 
pure OIPC after incorporation of PVDF nanofibres (trace X'), with slight changes 
in the transition enthalpies and onset temperatures. Interestingly, the additional 
peak introduced by lithium-doping of the OIPC was not present in the lithium-
doped PVDF composite sample (trace Y').   
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Figure ‎4.4. DSC thermal traces of pure [C2mpyr][BF4] (X), lithium-doped 
[C2mpyr][BF4] (Y), pure [C2mpyr][BF4]/PVDF composite (X') 
and lithium-doped [C2mpyr][BF4]/PVDF nanofibre composites 
(Y'). 
Figure ‎4.5 shows synchrotron XRD patterns acquired at a range of 
temperatures. Changes in the diffraction patterns of the pure OIPC with increased 
temperature indicate changes in the ionic species orientation and distribution 
within different crystalline structures in each phase. The decreasing number of 
peaks demonstrates an increase in crystal symmetry with increasing temperature 
(Figure ‎4.5). The lattice system changes from monoclinic to trigonal through the 
IV to II phase transformations and to a cubic system in phase I (Table ‎4.1). Given 
an assumed density in the order of ~1.2 gcm‎
–‎³ 
89-91
 in phase II, it was calculated 
that each unit cell contains two ion pairs for the lower temperature phases, and 
four ion pairs in the high-temperature phase. On this basis, the increase in 
percentage volume change associated with an ion pair in the unit cell is 11.4 % for 
the phase IV to II transitions, while the phase II to I transition results in a further 
volume increase of 4.6 % (equivalent to a decrease in theoretical density of 9.7 % 
(IV to II) and 5.0 % (II to I), respectively). The values are consistent with the 
scaled changes in enthalpy of transitions observed in the DSC traces and also with 
the related entropy values, which are greater for phase IV to II transition (52.7 JK‎
–
1‎mol‎
–1‎) compared with the phase II to I transition (4.3 JK‎
–1‎mol‎
–1‎)
38
. This reflects 
the gradual development of orientational and/or rotational disorder throughout the 
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transitions into the most plastic phase I, which gives rise to fewer reflections in 
the diffractogram owing to higher symmetry in the crystal structure. As a result, 
the dimensions of the unit cell increase to accommodate four ion pairs in contrast 
to the two ion pairs found in unit cells of the lower temperature phases
96
. 
 
Figure ‎4.5. Synchrotron XRD patterns of [C2mpyr][BF4] in different 
crystalline phases IV (‎–‎80°C), II (50°C) and I (100°C). 
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Table ‎4.1. Crystallographic parameters of the materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
Z 
 
V ion pair 
(Å
3
) 
ρ 
(g cm
 – 3
) 
 
[C2mpyr][BF4] 
 – 80 IV monoclinic P21 (4) 7.3542(1) 
11.01
53(2) 
6.4457(1) 90 107.9431(9) 90 496.764(12) 2 248.382(6) 1.34 
50 II trigonal P31c (159) 7.2495(1) - 12.1518(1) 90 90 120 553.076(8) 2 276.538(4) 1.21 
100 I cubic Fm- 3m (225) 10.4959(1) - - 90 90 90 1156.26(2) 4 289.065(5) 1.15 
[C2mpyr][BF4]/
PVDF 
 – 80 IV monoclinic P21 (4) 7.3548(2) 
11.01
34(3) 
6.4457(2) 90 107.934(1) 90 496.744(27) 2 248.372(14) 1.34 
50 II trigonal P31c (159) 7.2540(1) - 12.1683(2) 90 90 120 554.519(13) 2 277.259(7) 1.20 
100 I cubic Fm-3m (225) 10.4966(1) - - 90 90 90 1156.501(18) 4 289.125(5) 1.15 
Lithium-doped 
[C2mpyr][BF4] 
 – 80 IV monoclinic C2 (5) 21.9453(7) 
16.01
18(3) 
12.8294(4) 90 83.668(2) 90 4480.54(21) 16 280.034(13) 1.13 
 
50 II monoclinic C2 (5) 22.4471(9) 
16.33
60(8) 
12.9879(9) 90 83.543(4) 90 4732.40(43) 16 295.775(27) 1.07 
100 I cubic Fm - 3m (225) 10.4936(1) - - 90 90 90 1155.509(27) 4 288.877(7) 1.09 
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Lithium doping of [C2mpyr][BF4] introduces significant changes in the 
transformation sequence (Figure ‎4.6). While the structure is the same as that of 
the pure material in phases IV (monoclinic) and I (cubic), a monoclinic structure 
is also found in phase II (the red traces in Figure ‎4.7, labelled as Y). The unit cell 
volume is also considerably increased in the low temperature phase IV (801.9 % 
increase in cell volume, equivalent to 15.7 % decrease in the theoretical density) 
and in phase II (755.6 % increase in volume, equivalent to 11.6% decrease in 
theoretical density), reflecting an increased number of ion pairs to create the unit 
cell (i.e. to accommodate 16 ion pairs compared with two in the pure system). 
Interestingly, the unit cell volumes and theoretical density values were very close 
for both the Li-doped and pure systems in phase I, with both showing cubic 
structures with four ion pairs per unit cell. Additional peaks are also present at 
low temperatures from a minor high symmetry phase in the lithium-doped OIPC. 
Interestingly, the change in volume associated with an ion pair for the phase IV to 
II transition is less than for the pure material (5.5% in Li-doped OIPC compared 
to 11.3% in the pure OIPC). This may be due to the role of lithium in maintaining 
the structure in a monoclinic system. Consistent with the removal of the additional 
transition in the DSC trace at 86°C, the minor phase also disappears from the 
XRD patterns, which were collected at 100°C (above that transition), and as a 
result a decrease in the cell volume per ion pair is observed in the Li-doped OIPC, 
which is not the case in the other materials.  
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Figure ‎4.6. Synchrotron XRD patterns of Li-doped [C2mpyr][BF4] in 
different crystalline phases IV (‎–‎80°C), II (50°C) and I (100°C). 
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Figure ‎4.7. Synchrotron X-ray diffraction patterns for pure [C2mpyr][BF4] 
(X), Li-doped [C2mpyr][BF4] (Y), pure [C2mpyr][BF4]/PVDF 
composite (X') and Li-doped PVDF composite (Y') at different 
crystalline phases: (a) phase IV, ‎–‎80°C; (b) phase II, 50°C; (c) 
phase I, 100°C. 
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Pure [C2mpyr][BF4], within the PVDF nanofibre network exhibits similar 
patterns to those of the pure plastic crystal, with the same diffraction peaks 
observed for all crystalline phases (the blue traces in the accompanying figures, 
labelled as X'). This suggests that the same lattice systems are present in the 
composite as in the pure OIPC for all crystalline phases. However, some changes 
in each crystalline phase were observed. Figure ‎4.8 shows the response of the pure 
OIPC structure to the introduction of the PVDF fibres in different phases. The 
patterns indicate shifts in peak position in the high temperature phases II and I; 
this is not observed in the low symmetry phase IV. The shift in peak position 
towards smaller diffraction angles indicates an expansion of the lattice parameters 
in phases II and I with the addition of fibres, as shown in Table ‎4.1. The effect is 
most pronounced in phase II, exhibiting the greatest volume change of the unit 
cell, which is also reflected in the change in calculated density (Table ‎4.1). A 
change in peak width as well as peak intensity, is observed in all phases. 
However, the effect is different in phase IV compared with phases II and I. The 
intensity response of the system to fibre incorporation is heterogeneous in the 
monoclinic phase IV (peaks labelled as B in Figure ‎4.8) while a more 
homogenous response is seen in phases II and I (peaks labelled as A in 
Figure ‎4.8). This suggests the existence of orientation or texture in the low 
temperature structure, with low symmetry that disappears with the increase in 
symmetry at higher temperatures (in phases II and I).  
The broader peak widths are indicative
97
 of smaller crystallite sizes or 
higher lattice strains when the PVDF nanofibres are present. This is consistent 
with the DSC data, which exhibit a decrease in the entropy of transitions with the 
incorporation of fibres, suggesting the formation of a disordered or amorphous 
phase in the structure in the presence of fibres, probably in the interfacial regions 
38
. 
Interestingly, the lithium-doped composite exhibits very similar patterns to 
those of the pure [C2mpyr][BF4] and the pure composite. 
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Figure ‎4.8. XRD patterns indicating the effect of fibre addition to pure 
[C2mpyr][BF4] in phases IV (‎–‎80°C), II (50°C) and I (100°C). 
4.4 Electrochemical properties 
4.4.1 Ion conduction 
Ionic conductivity of the materials as a function of temperature is presented 
in Figure ‎4.9. The conductivity of the pure [C2mpyr][BF4] increases gradually in 
both crystalline phases with increasing temperature, revealing a jump around the 
phase II to I transformation temperature (Figure ‎4.9 a). Lithium doping decreases 
the pure OIPC conductivity in phase II (Figure ‎4.9 a). However, the conductivity 
of the lithium-doped [C2mpyr][BF4] significantly increases at the phase 
transformation and stays at much higher values; there is about 3 orders of 
magnitude difference in conductivity in phase I, compared to that of the pure 
OIPC. Similar behaviour was reported elsewhere for lithium-doped 
[C2mpyr][BF4] at higher lithium concentrations (above 8 mol%)
39
. 
The pure OIPC/PVDF nanofibre composite exhibits higher ionic 
conductivity than the neat OIPC in both crystalline phases over the whole 
measurement temperature range (Figure  4.9 b). The conductivity of the pure OIPC 
composite is a smooth function of temperature, without a step at the phase 
transformation. The lithium-doped OIPC/PVDF composite (Figure  4.9 c) exhibits 
high conductivity values in phase II compared to those of the fibre-free Li-doped 
OIPC (1.6×10
 – 5 
Scm
 –1 
 for Li-doped OIPC/PVDF composite versus 4.2×10
 – 8
 Scm
 –
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1 
 for the Li-doped OIPC at 30°C, about a 3 order of magnitude increase). 
However, the conductivity does not increase at the phase transition, and instead 
shows almost temperature independent behaviour. As a result, the conductivity of 
the Li-doped OIPC/PVDF composite is lower than that of the Li-doped material 
without fibres in phase I. Figure  4.9 d compares the conductivity of composite 
materials in pure and lithium-doped states. Both materials exhibit an 
approximately linear increase in conductivity in both phases with increasing 
temperature, with different slopes, indicating different activation energies. The 
lithium-doped composite has higher conductivity values in phase II, but shows a 
smaller dependence on temperature compared to that of the pure OIPC composite; 
thus the lithium-doped composite has a lower conductivity in phase I than that of 
the pure OIPC composite. 
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Figure ‎4.9. Ionic conductivities observed as a function of temperature: (a) pure [C2mpyr][BF4] and lithium-doped [C2mpyr][BF4]; (b) pure 
[C2mpyr][BF4] and PVDF composite; (c) lithium-doped [C2mpyr][BF4] and PVDF composite; (d) pure and lithium-doped PVDF composites. 
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The thermal activation energies for ion conduction calculated from the 
conductivity data in crystalline phase II and I of the materials are presented in 
Table ‎4.2. The greatest change in the activation energy occurs upon lithium 
doping into the pure [C2mpyr][BF4] in phase II, which increases the activation 
energy from 34 kJmol‎
–1‎ to 85 kJmol‎
–1‎. Interestingly, incorporation of fibres into 
the lithium-doped OIPC decreases the activation energy to be even less than that 
of the pure OIPC in phase II (from 85 kJmol‎
–1‎ in Li-doped OIPC back to 13 
kJmol‎
–1‎ in the Li-doped PVDF composite). A similar trend is observed in phase I, 
although with smaller changes, compared to those in phase II. Interestingly, the 
activation energies in both crystalline phases of the ternary system containing 
both lithium salts and fibres within the OIPC are clearly lower than those of the 
binary systems of pure OIPC & fibres, as well as the combination of the OIPC & 
lithium salt, which is apparent from the gradients of the conductivity plots 
(Figure ‎4.9 c and d). 
Table ‎4.2. Activation energy of the materials in different crystalline phases. 
Material 
Activation energy (kJmol
 –1 
)  ±1 
Phase II Phase I 
[C2mpyr][BF4] 34 39 
Li-doped [C2mpyr][BF4] 85 55 
[C2mpyr][BF4]/PVDF 50 32 
Li-doped [C2mpyr][BF4]/PVDF 13 17 
4.4.2 Electrochemical stability of the material with lithium metal 
In order to study the compatibility of the composite material with lithium 
metal, lithium symmetric cells were assembled for galvanostatic measurements. 
Various current densities were applied for cycling of Li | 10 mol% LiBF4 + 
[C2mpyr][BF4] PVDF | Li cells. Impedance spectra were acquired every 10
th
 
cycle. Figure ‎4.10 illustrates the cell response to a current density of 10µA/cm
2
 at 
80°C. In the initial cycles, the cell exhibited high impedance which decreased 
with cycling and after several cycles the impedance approached a specific value 
and remained almost constant. The substantial decrease in cell polarisation with 
cycling is a common observation in battery cycling and the term 'pre-conditioning' 
is used to describe the chemical development of the interfacial layer between the 
electrolyte and electrodes (the so called SEI layer)
28, 36, 98
. The establishment of an 
effective SEI layer by initial cycling due to OIPC grain refinement at the lithium 
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metal interface and an increase in lithium ion concentration have been given as 
possible reasons for the phenomenon
28
. The real resistance values were consistent 
with the bulk impedance values calculated from conductivity data at the same 
temperature. The cell exhibits quite stable behaviour for a long cycling duration 
(Figure ‎4.10 b) and continues to exhibit the stable behaviour under further various 
applied current densities. Figure ‎4.11 shows the cell potential response to 
continuous polarisation under current densities of 10, 20, 50 and 100µAcm
–2 
at 80 
°C. The resistance of the cell remains almost constant during all cycles. 
The results clearly show that the composite supports Li
+
 ion transport and 
stable cycling behaviour, indicating the electrolyte compatibility with Li metal 
and in accordance with previous reports for the [C2mpyr][BF4] OIPC without 
fibres
39
. 
 
Figure ‎4.10. Galvanostatic cycling of Li| 10 mol% LiBF4 + [C2mpyr][BF4] 
PVDF | Li cell at 10 µAcm
‎–‎2  
at 80°C: a) Cell potential change 
with time, b) Impedance spectra indicating pre-conditioning.  
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Figure ‎4.11. Galvanostatic cycling of Li | 10 mol% LiBF4 + [C2mpyr][BF4] 
PVDF | Li cell at 10 (red), 20 (green), 50 (purple) and 100 
µAcm
‎–‎2
 (blue), at 80°C. 
4.4.3 Lithium cell cycling with LiFePO4 cathode material 
The electrochemical performance of the composite membrane in a device 
configuration was investigated in a Li | 10 mol% LiBF4 doped [C2mpyr][BF4] / 
PVDF | LiFePO4 cell
38
. Galvanostatic cycling of the cell at C/15
‡‡‡
 current at 
80°C (phase I) and 50°C (phase II) was performed. Figure ‎4.12 illustrates the 
potential of the cell versus time at both temperatures and the impedance spectra 
acquired during initial cycling at 80°C. The cell showed gradually improved 
capacity during cycling. The cell impedance spectra acquired before cycling and 
after 10 cycles at 80°C indicate that the improved performance is due to the 
preconditioning process which occurred in the cell during the initial stages of 
cycling (Figure ‎4.12 b). 
Interestingly, the cell also functioned successfully at 50°C, a temperature in 
which the OIPC is in phase II. Stable electrochemical behaviour was observed in 
charge and discharging capacity of the cell at this temperature (Figure ‎4.12 c).  
                                                 
‡‡‡
 A rate at which a battery discharges its full capacity is known as C rate. C/15 means the 
discharge current will deliver the entire battery capacity in 15 hours. 
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Figure ‎4.12. Potential change versus capacity at different cycles under C/15 
at 80°C (a), cell impedance spectra before and after 10 cycles at 
80° (b), potential change versus capacity at different cycles 
under C/15 at 50°C (c) (Reported from Ref.39). 
4.5 NMR characterization 
The ionic mobility of [C2mpyr]
+
, [BF4]
‎–‎ and Li
+ 
in the crystalline phases II 
and I of the pure and lithium-doped OIPC and the PVDF nanofibre composites 
were evaluated according to the probes acquired from 
1
H, 
19
F and 
7
Li VT solid-
state NMR measurements, respectively. The spectral line widths are indicative of 
the relative mobility of the corresponding ionic species.  
4.5.1 VT-1H wide line spectra 
Figure ‎4.13 (a-d) presents the VT-
1
H spectra acquired from the pure and 
lithium-doped [C2mpyr][BF4] and the PVDF nanofibre composites. The plots 
presented in Figure ‎4.14 summarises the comparison of the spectra at 20°C (phase 
II) and 80°C (phase I). 
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Figure ‎4.13. VT-
1
H spectra of: (a) pure [C2mpyr][BF4]; (b) lithium-doped [C2mpyr][BF4]; (c) pure [C2mpyr][BF4] PVDF and (d) Li-doped 
[C2mpyr][BF4] PVDF nanofibre composites. 
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The 
1
H spectrum for the pure OIPC shows one component in the low 
temperature crystalline phase II (Figure ‎4.13 a and Figure ‎4.14 a), but a small 
sharp narrow component is evident, superimposed on the broad signal in phase I, 
indicating the presence of more mobile [C2mpyr]
+
 protons. Upon lithium doping, 
a small fraction of narrow component appears in phase II and grows significantly 
in phase I (at 80°C) (Figure ‎4.13 b and Figure ‎4.14 a). This indicates that a 
substantial fraction of the pyrrolidinium cations gain a higher degree of mobility 
upon addition of 10 mol% LiBF4 in phase I. In contrast, a slight increase in the 
linewidth was observed in phase II. The line width of the broad components was 
almost the same in phase I, while the narrow component in phase I is broader for 
the 10 mol% LiBF4 doped sample.  
In the presence of fibres (Figure ‎4.13 c and Figure ‎4.14 b), the narrow 
component appeared at lower temperatures, where the pure OIPC was in phase II. 
This indicates that some cations become mobile more readily when fibres are 
incorporated into the system. The narrow component seems to have a greater peak 
integral compared to that in the pure OIPC spectrum in phase I, indicating an 
increase in the population of mobile species in the system. However, both narrow 
and broad components are broadened in both phases, indicating that fibres limit 
the increase in cation mobility in the pure system. 
The composite behaviour is quite different in the presence of lithium ions 
(Figure ‎4.13 d, Figure ‎4.14 c and Figure ‎4.14 d). In phase II, the linewidth is 
significantly broadened, which suggests an increase in the rigidity of the OIPC 
cation. Phase I also shows an increase in linewidth of the narrow component when 
fibres are incorporated into the Li-doped OIPC. Overall, it appears that the 
[C2mpyr]
+
 cations have decreased mobility in the composite containing LiBF4, 
especially in phase II. 
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Figure ‎4.14. 
1
H spectra for crystalline phase II (20°C) and phase I (80°C) of: (a) pure and lithium-doped [C2mpyr][BF4] (X,Y); 
(b) pure [C2mpyr][BF4] and composite (X,X'); (c) lithium-doped [C2mpyr][BF4] and PVDF composite (Y,Y'); (d) 
pure and lithium-doped PVDF composites (X',Y'). 
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Figure ‎4.15 presents the integral analysis of the narrow component of the 
1
H 
spectra as a function of temperature. These data clearly show the effects of lithium 
doping and the addition of PVDF fibres on the fraction of mobile cations (i.e. the 
narrow component). The most dramatic effect is observed upon addition of Li to 
the OIPC in phase I, consistent with the increase in conductivity (Figure ‎4.15 a 
and Figure ‎4.9 a). In the pure OIPC, the fibres increase the fraction of mobile 
component (Figure ‎4.15 b), whereas, when Li is present, the mobile fraction is 
decreased in phase I and very slightly increased in phase II (Figure ‎4.15 c). 
Interestingly, this is consistent with the trend observed in the conductivity data 
(Figure ‎4.9 c). 
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Figure ‎4.15. Relative intensity of the narrow component in 
1
H spectra as a function of temperature for: (a) pure OIPC and lithium-doped 
OIPC; (b) pure OIPC and PVDF composite; and (c) lithium-doped OIPC and lithium-doped composite, representing the 
percentage of the narrow component of the fitted 
1
H  signal relative to the total spectrum.
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4.5.2 VT-solid-state 19F spectra 
Figure ‎4.16 (a-d) presents the VT-
19
F spectra acquired from the pure and 
lithium-doped [C2mpyr][BF4] and the PVDF nanofibre composites. The plots 
presented in Figure ‎4.17 summarise a comparison of the materials spectra at 20°C 
(phase II) and 80°C (phase I). 
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Figure ‎4.16. VT-
19
F spectra of: (a) pure [C2mpyr][BF4]; (b) lithium-doped [C2mpyr][BF4]; (c) pure [C2mpyr][BF4] PVDF and (d) Li-doped 
[C2mpyr][BF4] PVDF nanofibre composites.
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A significant decrease in the linewidth of the spectrum for the pure OIPC is 
observed at phase II to I transformation (Figures ‎4.16 b and ‎4.17 a). A slight 
increase in line width of the spectrum in phase II for the pure OIPC is observed 
upon lithium doping (Figures ‎4.16 b and ‎4.17 a). An additional signal arises in the 
presence of lithium in phase I, suggesting that two separate [BF4]
‎–‎ containing 
phases coexist at this temperature. Broadening in the linewidth in both crystalline 
phases is observed for the pure material when it is introduced within the PVDF 
nanofibre network (Figures ‎4.16 c and ‎4.17 b). Interestingly, the lithium-doped 
OIPC exhibits again different behaviour compared to that of the pure material in 
phase II in the presence of PVDF nanofibres by exhibiting narrowing 
(Figures ‎4.16 d and ‎4.17 c). Surprisingly, the additional signal that was previously 
observed in the lithium-doped OIPC in phase I disappeared after incorporated 
with the PVDF fibres. This observation suggests that the fibres homogenize the 
environment within the lithium-doped OIPC by changing two different [BF4]
‎–‎ 
containing phases into a single one. 
 
  
 
1
0
4
 
 
 
Figure ‎4.17. 
19
F spectra for crystalline phase II (20°C) and phase I (80°C) of : (a) pure and lithium-doped [C2mpyr][BF4] (X,Y); (b) pure 
[C2mpyr][BF4] and PVDF composite ( X,X'); (c) lithium-doped [C2mpyr][BF4] and composite (Y,Y') and (d) pure and lithium-
doped PVDF composites (X',Y'). 
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Figure ‎4.18 presents 
19
F line widths for the pure and lithium-doped systems. 
The change in the onset of the linewidth narrowing (about 10°C shift to lower 
temperatures in the pure OIPC) suggests that the incorporation of fibres facilitates 
phase I anion fast dynamics at lower temperatures, while the pure OIPC still has 
phase II rigid anion dynamics (Figure ‎4.18 a). However, the anion becomes less 
mobile in both phases according to broadening of the 
19
F NMR spectra in the 
composite. The lithium-doped spectrum exhibits narrower line widths over the 
whole temperature range of phase II in the presence of fibres, but shows 
broadening in phase I (Figure ‎4.18 b). The composite materials in pure and 
lithium-doped states exhibit less difference in phase I, while in phase II the 
lithium-doped composite has a more narrow 
19
F linewidth compared with that of 
the pure composite (Figure ‎4.18 c). This suggests greater mobility of the [BF4]
‎–‎ 
anion in the composite material in the presence of lithium in phase II.
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Figure ‎4.18. 
19
F peak width change with temperature observed for: (a) pure OIPC and pure composite; (b) Lithium-doped OIPC and the PVDF 
composite and (c) pure and lithium-doped composites.
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4.5.3 VT-solid-state 7Li spectra 
Figure ‎4.19 shows 
7
Li spectra for the lithium-doped [C2mpyr][BF4] and its 
composite. The spectrum exhibits a broad signal at lower temperatures (0°C–
50°C) for the lithium-doped OIPC, suggesting that Li ions are not particularly 
mobile in phase II (Figure ‎4.19 a). A narrow component appears at around 50°C, 
and gradually replaces the broad component as temperature is increased to the 
phase transition temperature of 63°C. The spectrum is even broader at 0°C when 
the material is cast within the fibres (Figure ‎4.19 b). However, the spectrum 
narrows significantly in phase II over a broad temperature range from 20°C up to 
the phase transition temperature (Figure ‎4.19 c). Furthermore, the narrow 
component initiates at much lower temperatures than for neat lithium-doped OIPC 
(i.e. without fibres). 
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Figure ‎4.19. VT-static 
7
Li spectra of (a) Li-doped OIPC and (b) Li-doped OIPC/PVDF composite; (c) 
7
Li line width as a function of 
temperature; and (d) Li-ion correlation time as a function of temperature.
 109 
 
More importantly, the composite exhibits a remarkably shorter correlation 
time in phase II for the lithium ion than in the neat lithium-doped OIPC 
(Figure ‎4.19 d). This suggests that the lithium ion stays for a shorter duration at 
each site used for hopping in phase II in presence of fibres. However, both 
materials start to exhibit similar correlation times for the lithium ion in phase I. In 
addition, the extracted activation energy value for the Li-doped composite is 
smaller, compared with the neat Li-doped OIPC (50.2 kJmol‎
–1‎ for the composite 
compared to 53.7 kJmol‎
–1‎ for the Li-doped OIPC, uncertainty ±0.1). The 
correlation time values for the Li ion at each temperature within the Li-doped 
OIPC and the composite were extracted from non-linear least square fitted curves 
of the linewidth of the VT static 
7
Li spectra, which are presented in Figure ‎4.20. 
Activation energies were also calculated from the same fittings according to the 
procedure explained in detail in the methodology section. 
 
Figure ‎4.20. Non-linear least square fittings of VT static 
7
Li spectra of (a) Li-
doped [C2myr][BF4] and (b) Li-doped [C2myr][BF4] composite. 
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4.6 Ionic/intermolecular interactions 
The interactions between species were studied using ATR-FTIR 
spectroscopy. Figure ‎4.21 shows room temperature IR spectra acquired for the 
pure and lithium-doped [C2mpyr][BF4] and the corresponding PVDF composites. 
The combination of the OIPC and PVDF fibres, as well as the effects of the Li 
doping, led to several changes in the spectral features which are summarized in 
Table ‎4.3.  
The spectrum of the Li-doped OIPC indicates no significant influence of the 
Li-doping on the alkyl and BF4 structures, showing only a slight shift in one of the 
BF4 stretching modes, to 770 cm
 –1 
. Instead, the doped Li atoms formed a strong 
interaction with the pyrrolidinium ring, as evidenced through the presence of a 
new ring mode corresponding to the shoulder band at 977 cm
 –1 
 (arrowed in 
Figure ‎4.21), which was observed in association with shifts of the existing ring 
modes to higher wavenumber values at 1047 and 1029 cm
 –1 
. The intensity of the 
ring breathing mode at 1029 cm
 –1 
 also appeared to be noticeably reduced in the 
Li-doped OIPC, further emphasising the direct interaction of the added Li ions 
with the pyrrolidinium ring that led to a change of the ring orientation. These 
changes may be the result of packing within the crystalline structure of the solid 
material and electrostatic repulsion between the Li
+
 and [C2mpyr]
+
 cations, having 
the effect of forcing the pyrrolidinium ring to adopt a new conformation at a 
higher energy level. 
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Figure ‎4.21. ATR-FTIR spectra of the pure [C2mpyr][BF4], PVDF nanofibre 
composite, Li-doped [C2mpyr][BF4], Li-doped PVDF composite 
and PVDF nanofibre at room temperature. 
In contrast, the incorporation of the PVDF nanofibres into the matrix of the 
pure OIPC caused shifts of the bands that represent [BF4]
‎–‎ vibrations (i.e. 1286 
and 765 cm‎
–1‎) and most of the alkyl-related modes (i.e. 1456, 1436, 1406 and 
1386 cm‎
–1‎) to lower wavenumber values, whereas the characteristic bands 
attributable to pyrrolidinium ring vibrations (i.e. 1045, 1026 and 879 cm‎
–1‎) and 
the PVDF moiety (i.e. 1175 and 839 cm‎
–1‎) were shifted in the opposite direction 
to higher wavenumber values. Such contrast in features suggests that the new 
interactions formed between [C2mpyr][BF4] and the PVDF nanofibres, which 
affected the overall molecular orientation of the composites in a way which 
stabilised the BF4 and alkyl bonding interactions within the [C2mpyr][BF4] 
structure into a lower energy form but destabilised the conformation of the 
pyrrolidinium ring and the PVDF polymeric chains. The substantial decrease in 
the intensity of the ring breathing mode at 1029 cm‎
–1‎ observed in the spectrum of 
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the  [C2mpyr][BF4]/PVDF composites further indicates that the new conformation 
likely created a structural hindrance that constrained the breathing vibrational 
mode of the pyrrolidinium ring 
Upon incorporation of the Li-doped OIPC into the PVDF matrix, the BF4 
vibrations, as well as most of the alkyl-related modes, remained unchanged. Only 
the C-H rocking deformation modes were shown to be slightly shifted to a higher 
wavenumber value. As mentioned previously, without Li-doping, the BF4 
stretching vibrations and most of the alkyl modes shifted after being combined 
with the PVDF fibres. Therefore, the presence of the added Li ions in the 
composite matrix likely stabilized the [BF4]
-
 anions, as well as the conformation 
of the alkyl groups, making them insensitive (inert) to the subsequent combination 
into the PVDF matrix. More interestingly, the new ring mode that was previously 
observed at 977 cm
 –1 
 in the Li-doped OIPC disappeared after combining with the 
PVDF nanofibres; instead, the bands in this range appear similar to those of the 
[C2mpyr][BF4]/PVDF composite spectrum. This observation suggests that the 
PVDF has a strong influence on the orientation of the pyrrolidinium ring in the Li-
doped OIPC, maintaining the orientation of the ring to be similar to that found in 
the pure OIPC. 
Considering the nanofibres themselves, the relative intensities of the β 
phase, with respect to the α phase in the PVDF fibres, increases in the presence of 
OIPCs, which suggests a change in the fibre conformers from α to β phase. This 
effect is more pronounced in the lithium-doped composite. 
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Table ‎4.3. Wavenumber values and assignments of the ATR-FTIR bands observed in the Li-doped [C2mpyr][BF4] and PVDF composites in 
comparison to those found in the reference spectra of the[C2mpyr][BF4] and the PVDF fibres (weight ratio of the OIPC to fibres: 80/20). 
Related structure 
Observed wavenumber values
a
 (cm‎
–1‎) 
Band assignment 
b 
Ref. 
[C2mpyr][BF4] PVDF 
[C2mpyr][BF4] 
/PVDF 
Li-doped 
[C2mpyr][BF4] 
Li-doped 
[C2mpyr][BF4]/PVDF 
BF4
c
 
1286  1280(↓) 1286(–) 1286(–) ν(B-F) 
99, 100
 995  995(–) 995(–) 995(–) ν(B-F) 
766  763(↓) 770(↑) 766(–) νs(BF4) 
Pyrrolidinium ring 
1045  1048 (↑) 1048 (↑) 1048 (↑) δ(ring) 
14, 100-102
 1026  1029 (↑) 1029 (↑) 1029 (↑) 
 – N), 
ν(Me – N) 
   977  Ring mode 
Alkyl 
1484  1484 (‒) 1484 (‒) 1484 (‒) δ(CH2) (ring) 
14, 100, 102
 
1471  1471 (‒) 1471 (‒) 1471 (‒) δas(CH3)Me 
1456  1455 () 1456 (‒) 1456 (‒) δ(CH2) 
1436  1432 () 1436 (‒) 1436 (‒) δs(CH3) 
1406  1403 () 1406 (‒) 1406 (‒) δs(CH3)Et + δwag(CH2) 
1386  1382 () 1386 (‒) 1386 (‒) δas(C‒N) + δs(CH3)Et 
1098  1101 () 1098 (‒) 1100 () δrock(CH3) + δrock(C‒H) 
938  938 (‒) 938 (‒) 938 (‒) δ (C‒C)Et 
810  810 (‒) 810 (‒) 810 (‒) (C‒H) 
PVDF 
 1175 1181 ()  1175 (‒) δ(C‒F) 
17 
 839 842 ()  839(‒) (CH2) 
a 
Direction of the band shift with respect to the position of the corresponding bands found in the reference spectrum of the pure [C2mpyr][BF4] or the pure 
PVDF fibres: (‒) = no shift; () or () = shift to a higher or a lower wavenumber value, respectively. 
b 
Symbols used to represent vibrational modes:  as = asymmetric stretch; s = symmetric stretch; as = asymmetric deformation (bend); s = symmetric 
deformation (bend);  = out-of-plane deformation; Et = ethyl (‒C2H5); Me = methyl (‒CH3).  
c
The modes at 766,  995 and 1286 cm
‎–1‎
 are not fundamentally IR active.  However,  the 766 cm
‎–1‎
 mode has been shown to be not totally inactive 
(Katsyuba et al.
100
) when the [BF4]
‎–‎
 was paired to [EMIM]
+ 
(i.e., cf [C2mpyr]
+
) which was attributed to breaking of the inversion symmetry associated with 
the anion, whilst bands at 995 and 1286 cm
‎–1‎
 were shown to be principle fundamental modes attributed to  (BF(5)) and  (BF(4)) + (BF(2)) respectively. 
The expected band  (BF(3)) stretching mode at 1070 cm
‎–1‎
 was not reported due to difficulty in fitting caused by overlapping with strong [C2mpyr]
+
 ring 
and alkyl bands. 
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4.6.1 ATR-FTIR spectroscopy of the composites with low OIPC mass ratio  
In order to investigate the contribution of the interface between the fibres 
and the OIPC on the molecular vibrations and bonding, the amount of cast OIPC 
was decreased to 50/50 wt% (i.e. compared to 80 wt% previously). The 
experiment was designed with the aim of decreasing the contribution from the 
bulk OIPC species to determine the way in which molecular structure is affected 
in the interfacial regions. The effects of fibre incorporation at 50 wt% within the 
pure OIPC and the Li-doped OIPC are shown in Figures ‎4.22 and ‎4.23, 
respectively. The results indicate intensified shifts in most of the bands by 
decreasing the OIPC ratio. Interestingly, the structural conformation of the fibres 
is also sensitive to changing the OIPC ratio, showing greater shift for reduced 
OIPC content (Table ‎4.4). The effects are more pronounced in the Li-doped OIPC 
(Figure ‎4.23).  
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Figure ‎4.22. ATR-FTIR spectra of pure [C2mpyr][BF4] introduced with 
different mass fractions of 80 wt% and 50 wt% in PVDF 
nanofibres (a) and related bar charts showing the magnitude of 
the shift in band positions (b).  
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Figure ‎4.23. (a) ATR-FTIR spectra of 10 mol% Li-doped [C2mpyr][BF4] 
introduced with different mass fractions in PVDF nanofibres and 
(b) related bar charts showing the magnitude of the shift in band 
positions. 
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Table ‎4.4. Wavenumber values and assignments of the ATR-FTIR bands observed in the Li-doped [C2mpyr][BF4] and PVDF composites with different 
OIPC mass fractions in comparison to those found in the reference spectra of the [C2mpyr][BF4] and the PVDF fibres. 
Related 
structure 
Observed wavenumber values
a
 (cm 
–1
 ) 
Band assignment
b
 Ref. 
[C2mpyr][BF4] 
PVDF 
[C2mpyr][BF4]    
/PVDF,      
(50/50 wt%) 
[C2mpyr][BF4] 
/PVDF, 
(80/20 wt%) 
10 mol%Li- doped 
[C2mpyr][BF4]  
10 mol%Li-doped 
[C2mpyr][BF4]/PVDF,      
(50/50 wt%) 
10 mol%Li-doped 
[C2mpyr][BF4]/PVDF, 
(80/20 wt%) 
BF4 
1286  1278() 1280() 1286(‒) 1282() 1286(‒) ν(B‒F) 
99, 100
 
997  997 997(‒) 997 (‒) 997 997 (‒) ν(B‒F) 
766  762 763() 770()  766(‒) νs(BF4) 
520  520 520 (‒) 520 (‒) 520 520 (‒) δ(BF4) 
Pyrrolidinium 
ring 
1043  1047() 1046 () 1045 () 1047() 1044() δ(ring) 
100-102
 
1026  1028 1029 () 1029 () 1029 () 1028 () Ring breathing 
–  – – 981 977 – ν(Et – N), ν(Me – N) 
879  879 879 879 (‒)  879 (‒) Ring mode 
Alkyl 
 1484  1484 1484 (‒) 1484 (‒) 1484 1484 (‒) δ(CH2) ring 
14, 100, 102
 
 1471  1471 1471 (‒) 1471 (‒) 1471 1471 (‒) δas(CH3)Me 
 1456  1455 1455 () 1456 (‒) 1456 1456 (‒) δ(CH2) 
 1436  1431() 1432 () 1436 (‒) 1433() 1436 (‒) δs(CH3) 
 1406  1402() 1403 () 1406 (‒) 1403() 1406 (‒) δs(CH3)Et + δwag(CH2) 
 1386  1383 1382 () 1386 (‒)  1386 (‒) νas(C‒N) + δs(CH3)Et 
 1098  1092 1095 () 1098 (‒)  1100 () δrock(CH3) + δrock(C‒H) 
 938  938 938 (‒) 938 (‒) 938 938 (‒) ν(C‒C)Et 
 810   810 (‒) 810 (‒)  810 (‒) (C‒H) 
PVDF 
  1174 1177() 1180() – 1180  δ(C‒F) 
102
   874 878() 878()  876() 879() α 
  839 840() 842()   840() (CH2) 
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4.7 Positron annihilation lifetime spectroscopy of the 
OIPC/composite 
This technique was used in order to probe the defects within the OIPC with 
and without the addition of PVDF fibres as the close relationship between the 
size/number of defects and ionic conduction in several studies has previously 
confirmed the critical role of defects in the ionic conductivity behaviour of the 
OIPCs
57, 103, 104
. The average free volume within the materials was determined 
according to the details provided in the methodology section. 
Figure ‎4.24 illustrates the ortho-positronium lifetime and related average 
free volume diameter within the pure material and the composite at room 
temperature (phase II) and also for the composite at 80°C (phase I). The collected 
o-Ps intensity data are illustrated in Figure ‎4.24, which are indicative of the defect 
concentration within the materials. 
According to the primary measurements, the average free volume size 
within the pure [C2mpyr][BF4] increases with the addition of fibre in the low 
temperature crystalline phase. The voids expand further by phase transformation 
due to temperature increases from 20°C to 80°C. However, the defect 
concentration remains relatively unaffected.  
The existence of structural defects was found to promote rotational, 
orientational and translational motions within OIPCs, which can facilitate ionic 
transport through the material. Baugham and Turnbull reported that rotational 
motion of the species is less hindered in the vicinity of vacancies and, as a result, 
rotator crystals exhibit much higher vacancy formation entropy compared to 
metals
105
. The rotational motion promotion as a result of structural defect size 
increase can be observed from NMR spectra, which exhibit additional mobile 
component when the fibres are present (narrower peak evolution from the broader 
pattern in the spectra).  
The time consuming nature of the measurements and requirements for 'large' 
quantities of sample (i.e., 20  layers of the composite samples each 50 μm thick, in 
order to fulfil the thickness requirement for the measurement) and limited access 
to the equipment meant that a limited range of experiments were conducted on a 
limited number of samples. However, the acquired information provide clear 
evidence for the role of defect formation in the behaviours of materials. 
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Figure ‎4.24. Ortho-positronium lifetime (filled squares) and related average 
free volume (open squares) within pure [C2mpyr][BF4] and 
[C2mpyr][BF4] /PVDF composite in different crystalline phases 
II (20°C) and I (80°C). 
4.8 Discussion 
4.8.1 Pure [C2mpyr][BF4] 
 Structural changes in the pure OIPC 4.8.1.1
Multiple phase transitions in the pure material, with varied changes in 
enthalpy, suggests that a different degree of local disorder is brought about by the 
changes in conformation/orientation and/or rotational modes of the ionic species 
in the material with each transition. The highest change in enthalpy occurs 
through the phase IV to III transformation, while the other transitions show 
smaller but similar changes. However, the results of this study indicate that the 
pure [C2mpyr][BF4] is oriented in various fully ordered structures in all of the 
solid state phases in the temperature range of ‎–‎100°C up to 130°C. The material is 
subjected to structural reorientation with changing temperature. The transitions 
lead to a re-orientation of the structure towards increased symmetry with 
increasing temperature. The high temperature crystalline phase I exhibits the 
highest structural symmetry, as observed by the sharply defined diffraction pattern 
of the material. High symmetry diffraction patterns have previously been 
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observed in pure OIPCs in the higher temperature phases, which have been related 
to the presence of rotatory and/or plastic phases and higher local dynamics.  
 Ion dynamics in the pure OIPC 4.8.1.2
A detailed investigation based on quantum chemical calculations and 
advanced solid state NMR studies indicates various ion dynamics occurring in 
different crystalline phases for the pure [C2mpyr][BF4] OIPC
106
. These studies 
indicated relatively rigid cation dynamics, with a restricted puckering fluctuation 
of the alkyl group around the pyrrolidinium ring in phase IV. A significant 
increase in cation dynamics was observed after the IV to III phase transition, but 
without full exchange between the carbon sites in the pyrrolidinium ring. Full 
axial motion of the ring, around a single axis, was only observed in phase II and 
full isotropic rotation of the cation is established only after the phase 
transformation from II to I. Conversely, the BF4 anion generally exhibits a 
tumbling motion coupled to the dynamics of the cation. Significant narrowing of 
1
H and 
19
F spectra upon the phase II to I transition is an indication of an 
increasing degree of mobility in both ionic species (Figures ‎4.13 a and ‎4.16 a). In 
particular, the 
19
F narrowing to liquid-like linewidths, suggests translational 
motion of BF4
 
anion which most likely dominates the increase in the ionic 
conductivity. A small but distinct narrow component is also initiated with the 
higher temperature phase transition in the 
1
H spectrum, indicating the activation 
of isotropic fast rotational and likely translational motion of the cation molecule in 
phase I from its preferential monoaxial motion at phase II; this will also contribute 
a small number of cation charge carriers to the conductivity. These changes in the 
ion dynamics, seen via NMR, result in the observed jump in ionic conductivity at 
the phase II to I transition (Figure ‎4.9 a). Therefore, we can clearly see that 
moving towards a more symmetric OIPC structure results in high conductivity by 
activating more dynamic modes of either ionic species; in this case the BF4 anions 
seem to dominate conduction. 
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4.8.2 Lithium doped [C2mpyr][BF4] 
 Structural investigation of the lithium doped OIPC 4.8.2.1
Lithium doping introduces significantly altered crystallographic behaviour 
in phases IV to II, with only phase I exhibiting the same diffraction pattern. In 
phase II, a small secondary phase with high symmetry is observed, in addition to 
what appears to the matrix phase according to diffraction pattern analysis. This is 
consistent with the new bands appearing in the IR spectra at room temperature. 
Furthermore, the DSC shows additional transitions at low temperatures, which 
indicates that a distinct new phase nucleates at lower temperatures. The formation 
of the second phase interrupts structural development from monoclinic to trigonal 
in phase II, as is the case in the pure OIPC. As a result, the ions occupy the same 
phase IV structure (i.e., monoclinic) at temperatures where the pure material 
thermogram, just above the Phase II to I transition for the lithium doped OIPC, 
suggests a gradual dissolution of this new phase into a cubic structure observed in 
phase I of the pure OIPC (Figure ‎4.4). The similar diffraction pattern for the pure 
and lithium doped OIPC at 100°C (phase I) indicates the same cubic lattice 
system and space group for the lithium doped and pure OIPC, which confirms the 
dissolution of the second phase at higher temperatures in phase I, leaving a solid 
solution in the cubic structure with increased lithium ion concentration (Figure ‎4.7 
and Table ‎4.1). This would lead to a significant portion of the lithium ions present 
as additional charge carriers in this material and is consistent with a significant 
increase in the conductivity observed in phase I upon lithium doping (Figure ‎4.9 
a). 
 Ion dynamics in the lithium doped OIPC 4.8.2.2
Interestingly, the conductivity in phase II is significantly lower in the case 
of the Li doped systems. The phase behaviour discussed above, appears to hinder 
both cation and anion mobility in phase II, according to the slight increase in 
1
H 
and 
19
F line widths by lithium doping. However, another possible cause for this 
lower conductivity could be the formation of a second phase at the grain 
boundaries, which present a lower energy barrier for nucleation and growth of this 
second phase
107
. The precipitation of the second phase at the grain boundaries can 
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block pathways for ion diffusion through the boundaries, which can act as another 
barrier for ion transport in the system. The formation of this second phase also 
means that a portion of the Li
+
 ions, in phase II, is unavailable to transport charge 
through the bulk and/or grain boundaries. Furthermore, the increased ordering 
observed restricts the dynamics of both the anion and cation in phase II. The 
decrease in ionic conductivity in phase II of the [C2mpyr][BF4] OIPC above 
certain lithium concentrations was observed in other studies
53
. 
As a result of the second phase dissolution upon increasing temperature in 
phase I, increased dynamics (likely diffusion) is observed in the 
1
H spectrum, 
indicating activation of significant numbers of mobile pyrrolidinium cations with 
increasing temperature in phase I (Figure ‎4.15 a). Releasing lithium ions from 
dissolution of the second phase into the structure introduces additional charge 
carriers into the system. As discussed above, an additional effect of this 
dissolution may be to remove the second phase precipitates from the grain 
boundaries, leading to a significant increase in ionic conductivity in phase I for 
the lithium doped system (Figure ‎4.9 a).  
4.8.3 PVDF nanofibre incorporation within pure [C2mpyr][BF4]  
 Structural changes in pure OIPC with fibre incorporation 4.8.3.1
Whilst the pure OIPC retains its crystalline structure in all phases when cast 
within the PVDF fibres, the lattice parameters are nevertheless altered. The fibres 
expand the lattice parameters, particularly in phase II, leading to greater free 
volume for rotational motions (and possibly diffusion) of the ions. The fibres 
interrupt grain growth, making smaller grain sizes in the system, which allows the 
possibility of more grain boundary diffusion paths. Furthermore, the presence of 
fibres introduces micro strain and further disorder in the structure according to the 
diffraction pattern analysis, which may also be the reason for the changes 
observed in the transition enthalpies calculated from the DSC traces. A significant 
decrease in the enthalpy of the phase transitions and a shift in the onset of the 
transitions to lower temperatures are all indications of the development of 
disorder in the structure. This may lead to the introduction of another mechanism 
for ionic transport in the system; ion transport may occur along the disordered 
areas at the fibre/OIPC interface. These structural changes affect ion transport to a 
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great extent and correlate well with the conductivity behaviour of the composite 
material. The effects are more pronounced in phase II, where there is a greater 
increase in ion conduction compared with phase I.  
  Ion dynamics in the pure OIPC PVDF nanofibre composite 4.8.3.2
Ionic mobility is affected in different ways in the presence of fibres. The 
introduction of fibres initiates the mobile component in the 
1
H spectra at much 
lower temperatures when the OIPC is still in phase II (Figure ‎4.12 b). 
Furthermore, the population of these mobile cation sites increases in the presence 
of fibres and continues to increase further with increasing temperature towards 
phase I (Figure ‎4.13 b). This effect of an increasing number of mobile cations 
results in the observed higher ionic conduction in both phase II and I of the 
composite material, compared with the pure OIPC. However, the presence of 
fibres suppresses the magnitude of the ion dynamics (of both 'mobile' and 'static' 
ions), as observed by the broadening of both the 
1
H and 
19
F spectra, despite the 
increase in the fraction of 'mobile' cations. In the case of the anion, there is only 
one resonance and this broadens in the composite suggesting decreased anion 
mobility.  
The temperature dependence of the conductivity in the composite does not 
show a step change at the phase transition and this can be correlated with the 
steady monotonic increase in the number of mobile cations (Figure ‎4.12 b). Cation 
dynamics play a major role in improving conduction in both phase II and phase I 
of this composite system based on pure [C2mpyr][BF4]. Preliminary results from 
the PALS measurements of the pure materials help to understand the cation 
dynamic behaviour in the presence of fibres. The PALS results indicate an 
increase in average free volume size within the pure OIPC upon the addition of 
fibres. The free volume sites expand when moving from phase II (at 20°C) to 
phase I (at 80°C). It was mentioned previously how the existence of structural 
defects, such as vacancies, was found to promote rotational and translational 
motions within OIPCs, which facilitate ion transport through their structure. The 
increased size of free volume sites in the composite correlates with the increase in 
the population of mobile cations observed in the NMR and also with the 
observation of the evolution of the narrow component from the broader matrix in 
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the 
1
H spectra in phase II. This explains the higher conductivity of the composite 
material compared with the OIPC.  
4.8.4 PVDF nanofibre incorporation within lithium doped [C2mpyr][BF4]  
 Structural behaviour of the lithium doped OIPC within the PVDF 4.8.4.1
nanofibre network 
According to the XRD patterns, the PVDF fibres block the formation of the 
second phase in the lithium doped OIPC. The change in the chemical environment 
around the F nuclei from two distinct split chemical shifts in 
19
F spectrum of 
lithium doped OIPC into a homogenous environment in the lithium doped 
composite also suggests that a single phase exists around the BF4 anion. As a 
result, the related phase transformation is not observed in the thermal traces of the 
lithium doped composites. According to the diffraction patterns, by introducing 
disorder in the lithium doped system, the fibres prevent the formation of the high 
symmetry required for initiation of the second phase nucleation. The decrease in 
enthalpy of the DSC transitions also confirms increased disorder in the lithium 
doped system upon the addition of fibres. The removal of the low temperature 
transitions (below ‎–‎45°C) from the DSC traces also suggests that the second phase 
was unable to overcome the required energy barrier for its nucleation at low 
temperatures in this doped composite system. The absence of additional bands in 
the IR spectrum, measured at room temperature in the lithium doped OIPC in the 
presence of the fibres also confirms the absence of the second phase in phase II of 
the lithium doped composite.  
By suppressing this second phase in the composite system, the related 
additional lithium ions are released in the OIPC matrix structure, providing 
additional charge carriers in the system. Furthermore, the lithium ions have an 
additional role in creating distortions in the solid solution structure, which was 
suggested by the increased XRD peak widths. In addition, the blocking action of 
the second phase in regions such as at the grain boundaries is removed. 
Furthermore, disordered regions at the fibre/Li doped OIPC interfaces assist ion 
transport in the system. All of these structural changes result in significant 
increases in ionic conductivity in phase II following the addition of fibres into the 
lithium doped system (Figure ‎4.9 b). 
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 Ion dynamics in the lithium doped OIPC/ PVDF nanofibre composite 4.8.4.2
The removal of the second phase brings significant changes in the lithium 
ion dynamics and the anion dynamics in the lithium doped system. The mobility 
of both the Li ion and the anion is increased in a broad temperature range in phase 
II according to 
7
Li and 
19
F line width analysis (Figures ‎4.19 c and ‎4.18 b). In 
addition, the population of the mobile cation sites is increased in phase II 
according to 
1
H spectra analysis (Figure ‎4.15 c). As a result, the rotational 
motions of the cation are promoted at lower temperatures, which facilitates 
lithium ion transport in the system in phase II according to the shift in the onset of 
7
Li spectra narrowing to lower temperatures. This is also clear from the calculated 
correlation time, which exhibits an increase in lithium ion diffusion in phase II. 
All these effects result in a significant enhancement of the ionic conductivity in 
the lithium doped OIPC by the addition of fibres in phase II (Figure ‎4.9 c). These 
results clearly explain the performance of the device composed of the lithium 
doped OIPC incorporated with the PVDF fibres in phase II (Figure ‎4.12 c), 
whereas cycling of a similar cell is impossible using only the neat lithium doped 
OIPC because of the inadequate ion conduction in the system (~3.3 × 10
–7
 Scm
–1
). 
The results of this study clearly show the determinant role of second phase 
formation in lithium doped OIPC in affecting the materials behaviour and the 
device functioning
38
. 
Nevertheless, the phase II to I transition deteriorates both the cation and 
anion mobility in phase I compared with the neat lithium doped OIPC 
(Figures ‎4.14 c and ‎4.18 b), while the Li ion dynamics remain unchanged 
(Figures ‎4.19 c and d). The numbers of mobile cations are also reduced in phase I 
(Figure ‎4.15 c). Therefore, a decrease in conductivity is observed above the phase 
II to I transition in the lithium doped composite (Figure ‎4.9 c). This may be due to 
the interaction of the fibres with the lithium ion in phase I or because of the 
changes in fibre chemistry at high temperatures. 
4.9 Summary 
The fabrication of self-standing flexible thin membranes using 
[C2mpyr][BF4] OIPC casting within PVDF nanofibre mats was demonstrated. 
Besides visual physical observation, improved mechanical properties were 
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demonstrated in a parallel study
38
. Improvement in ion conduction was observed 
with different trends in the pure and lithium doped OIPC in each crystalline phase. 
The results of this study were applied for the first time to a study of the 
performance of a Li metal cell. The electrochemical galvanostatic cell studies 
indicate the compatibility of the Li-doped membrane with Li metal as shown by 
the stable electrochemical cycling of the symmetric Li cell under various current 
rates and at different temperatures. Improved full cell cycling employing the Li-
doped membrane and a LiFePO4 cathode material provides the opportunity for 
further studies, which can be the scope of future studies. Cell cycling at phase II 
temperatures were demonstrated for the first time due to the improved ion 
conduction in the system produced by the incorporation of fibres. 
 In more detailed studies, different scales of the [C2mpyr][BF4] OIPC 
material were probed in pure and lithium-doped states and upon the incorporation 
of polymer nanofibres. The pure [C2mpyr][BF4] undergoes several degrees of 
reorientation by increasing temperature towards phase I, resulting in the 
observation of different crystalline structures in each phase. The activation of new 
dynamics through these phase transitions establishes more degrees of freedom in 
the system, resulting in increased conductivity in the highly symmetric crystalline 
phase I.  
Lithium addition results in the formation of an additional, presumably 
lithium rich phase. This second phase, which is observed at low temperatures, 
hinders ion dynamics in phase II resulting in lower ionic conductivity. This may 
be due to the formation of a blocking agent as an obstacle for ion diffusion 
through the bulk and grain boundary areas. Furthermore, the lithium ions are 
unable to contribute to conductivity as they are locked into a rigid phase. The 
gradual dissolution of the second phase, most likely as a solid solution inside the 
cubic structure of the material upon increasing temperature to phase I, releases a 
significant concentration of lithium ions as charge carriers in the system. This 
phenomenon, along with the removal of blocking agents in the system, 
significantly increases ion conductivity in phase I. 
Polymer nanofibre incorporation into the pure OIPC system does not 
interrupt ion ordering within each crystalline phase. However, it introduces 
significant changes in the crystal structure by expanding the lattice, introducing 
defects, decreasing grain size and developing disorder within the structure. These 
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effects result in the activation of rotator sites at much lower temperatures than the 
equilibrium transition temperature, along with significant growth in the population 
of rotating sites in the system. As a result, an increase in ion conduction of the 
pure system is observed in both phase II and I by fibre incorporation. However, 
the degree of ion mobility is hindered in the presence of the fibres in both the 
matrix and rotating phase of the material. This results in a retarding effect of the 
increase in ion conduction in phase I compared to phase II, although the increase 
in the number of mobile charge carriers brought about by fibre incorporation 
apparently dominates the conductivity behaviour in both phase I and II in this 
system. 
Incorporation of the nanofibres in the lithium-doped system introduces 
significant changes in the properties of the Li-doped OIPC by avoiding the 
formation of the second phase, along with the promotion of additional disorder. 
As a result, Li-ion concentration as well as the mobility of both the lithium ion 
and the anion increases in the system. As a result a significant increase in ion 
conduction is observed in phase II, allowing the efficient operation of a lithium 
device in this phase, as previously reported. 
The phase II to I transition deteriorates both the cation and anion mobility in 
phase I compared with the neat lithium doped OIPC. Therefore, a decrease in 
conductivity is observed above the phase II to I transition in the lithium doped 
composite. This may be due to the interaction of the fibres with the lithium ion in 
phase I or because of the changes in fibre chemistry at high temperatures. 
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tetrafluoroborate [C2mpyr][BF4] / 
PAMPSLi nanofibre composites 
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5.1 Overview 
Research aimed towards improved fibre and polymer chemistry as a 
component of the electrolyte or spacer of an electrochemical device is in progress 
worldwide
108-111
. Some current issues reported with PVDF based polymer 
chemistries for application in lithium batteries are the same as those arising for 
other neutral polymer electrolytes such as those based on PEO, which relates to 
concentration polarization and the low Li
+
 ion transport number in these systems. 
In lithium salt-doped systems (such as LiPF6, LiBF4, etc.), the anion does not 
participate in the electrode reaction other than in the formation of surface 
passivation layers and SEI components, however, it is often the fastest moving 
species and therefore, the anion can concentrate at the electrode / electrolyte 
interface. This results in concentration polarization which is detrimental to cell 
performance. 
Poly (lithium-2-acrylamido-2-methylpropanesulfonic acid) or PAMPSLi is 
a polyelectrolyte with a pendant sulfonate group covalently attached to the 
polymer backbone and the Li
+
 ions are counter ions and potentially the only 
charge carriers
112
. This material has been reported to have high dissociation 
capability when soaked in the plasticizers composed of ethylene carbonate and 
dimethyl carbonate (EC-DMC), thus introducing mobile cations within the 
polymer electrolyte
113-115
.  
Figure 5.1 illustrates the molecular structure of the polymer. The 
electrospinning of fibres made from the polymer has been reported to have 
submicron pore structure, large specific surface area and high imbibition rate of 
the mentioned plasticizers (EC-DMC). The fibres soaked within the mentioned 
plasticizers have shown good electrochemical stability with an electrochemical 
window of 4.4 V vs. lithium. Their conductivity is 2.12×10
–5
 Scm
–1
 at room 
temperature
113
. 
Building on the previous chapter where a non-ionic polymer fibre, PVDF, 
was used to prepare composites with the [C2mpyr][BF4] OIPC, the current study 
looks to use electrospun fibres of the ionic polymer PAMPSLi for fabrication of 
composite membranes. The aim of the study is to investigate how the charged 
nature of the fibre chemistry can affect the phase behaviour and ion dynamics 
within the OIPC. Also, to determine whether the Li ion on polymer chain can 
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contribute to ion transport through the OIPC structure. For this purpose, the 
thermal and ion conduction properties of composites of the pure and Li-doped 
OIPC were investigated. Structural changes of the systems incorporating 
PAMPSLi fibres were also investigated for the different OIPC crystalline phases 
and ion dynamics were probed using VT solid-state 
1
H, 
19
F and 
7
Li NMR 
measurements. 
In addition to the composites with PAMPSLi, the findings of the previous 
chapter suggested that higher concentrations of lithium salts may result in 
interesting phase and conductivity behaviour and therefore, the first section of this 
chapter also explores this aspect.  The OIPC chosen in this study is the 
[C2mpyr][BF4] described in the previous chapter. 
  
Figure ‎5.1. Molecular structure of the materials. 
5.2 Results  
The section 5.2.A of this chapter presents the observation found on the role 
of lithium salt content increase within the OIPC, as well as incorporation of 
PAMPSLi nanofibres on the phase behaviour, ion dynamics and ion conduction 
properties of the OIPCs. The presentation will be followed by reporting the 
observation found on reversibility of the transformations and the effect of thermal 
history on the behaviours of each OIPC composite system, that is presented in 
section 5.2.B.   
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5.2.A    Investigating role of additives on the OIPC phase 
behaviour and ion conductivity 
Due to the significant role of the secondary phase observed in the previous 
chapter, the LiBF4 salt concentration altered to be increased within the OIPC in 
the initial steps of the current study before looking at the influence of PAMPSLi. 
The section 5.2.A.1 will focus on reporting observations achieved by increasing 
lithium salt content within the neat OIPC. The effect of incorporation PAMPSLi 
nanofibres on the phase behaviour, ion dynamics and ion conduction properties of 
each of the pure and Li-doped OIPC system will be presented in the following 
5.2.A.2 and 5.2.A.3 sections.   
5.2.A.1   Increasing lithium salt content within the OIPC 
5.2.A.1.1  Phase behaviour and crystalline structure 
Figure ‎5.2 presents DSC thermal traces acquired for the pure 
[C2mpyr][BF4], 10 mol% Li-doped [C2mpyr][BF4] and 20 mol% Li-doped 
[C2mpyr][BF4] samples. As already described in the previous chapter, 10 mol% 
Li-doping introduces an additional peak in the DSC trace of the OIPC, at low 
temperatures just below the transition into phase III and also after the phase II to I 
transition at onset point of 77°C (350 K), and the intermediate phase I' (peak 
temperature is at 88.4°C, 361.4 K). The detailed investigation of the material's 
behaviours and properties was presented in the previous chapter. With the further 
increase in Li-salt concentration to 20 mol%, distinctive changes appear in the 
thermal behaviour; whereas the low temperature additional transitions still exhibit 
minor changes before the transformation to phase III (IV", IV' to IV 
transformations), an additional peak is observed at onset point of 81.5 °C (354.5 
K) in the DSC trace just after the extra transition observed in the 10 mol% Li-
doped OIPC, this intermediate phase is labeled as I" (peak temperature 87.5°C, 
360.5 K). The I" intermediate phase transfers to I' at 93°C (366K, peak position). 
The IV to III and III to II phase transitions become distinct and splitting between 
the peaks appears. This is accompanied by a large decrease in the enthalpy of the 
IV to III transition, by 85.3%, followed by a smaller decrease in the enthalpy of 
the III to II transition in the order of 27.4% (Table ‎5.1). Furthermore, these low 
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temperature transitions become sharper and better resolved. It should, however, be 
mentioned that these transitions are highly dependent on the thermal history of the 
OIPC due to the effect of additives on phase stability, which will be discussed in 
detail in section 5.2.B.1. 
 
Figure ‎5.2. DSC thermal traces of pure [C2mpyr][BF4], 10 mol% lithium-
doped [C2mpyr][BF4] and 20 mol% lithium-doped 
[C2mpyr][BF4]. 
Note: these features were present in chapter 4 DSC data (Figure ‎4.4) but were 
not discussed in detail there. In the present case the analysis of higher 
concentration samples indicates that greater focus is warranted. 
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Table ‎5.1. Thermal parameters of the pure and Li-doped OIPCs. 
 
 
OIPC 
TIV>III (°C) ± 0.2 HIV>III  
(Jg
–1
) ± 0.5 
TIII>II (°C) ± 0.5 
HIII>II 
(Jg
–1
) ±0.5 
TII>I", I', I  (°C)     
± 0.1 HII>I, I', I" (Jg
–1
) ± 0.3 
Tonset Tpeak Tpeak Tend  Tonset Tend 
[C2mpyr][BF4]  – 44.7  – 34.8 38.4  – 24.22  – 15.4 7.6 61.1 72.5 
II>I 
4.9 
10 mol% Li+ 
[C2mpyr][BF4] 
 – 45.0  – 38.4 32.3  – 25.7  – 18.2 8.0 62.0 91.1 
II>I' I'>I 
5.8 4.1 
20 mol% Li+ 
[C2mpyr][BF4] 
 – 45.7  – 40.7 4.9  – 30.2  – 21.7 5.81 63.5 97.5 
II>I" I">I' I'>I 
3.6 1.7 1.2 
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X-ray diffraction patterns of the pure and Li-doped OIPCs in the different 
crystalline phases of IV (IV" in Li-doped samples), II and I are presented in 
Figure ‎5.3 a, b, d, respectively and the extracted lattice parameters are 
summarized in Table ‎5.2. Compared to the pure OIPC, increasing the Li-salt 
concentration to 20 mol% introduced similar changes to those found in the 
diffraction patterns of the 10 mol% Li-doped composite, with some notable 
differences.  
At −80°C, the 20 mol% doped OIPC crystalised essentially in the same 
monoclinic lattice system as was found for the pure OIPC but orientated in a 
different space group, having less symmetry compared to the pure OIPC 
(Figure ‎5.3 a). This behaviour is similar to the lower concentration OIPC, 10 
mol% Li-doped OIPC.  
Interesting observations were found in phase II, where the pure OIPC 
uniformly occupies a single phase trigonal lattice system (Figure ‎5.3 b). Upon 
addition of 10 mol% lithium salt, a secondary monoclinic phase was evident, 
having the same space group as found in low temperature phase IV, (C2). Upon 
increasing the lithium-salt concentration to 20 mol%, the same dual phase 
structure was found for the microstructure with the difference that the dominant 
matrix phase was changed to be monoclinic in this case. Arrows in Figure ‎5.3 b 
indicate that the matrix phase in the two Li-doped systems are totally different, i.e. 
the trigonal lattice system forms the matrix of the 10 mol% Li-doped OIPC with a 
secondary monoclinic phase present, while the monoclinic system forms the 
matrix of the 20 mol% Li-doped OIPC with a secondary trigonal phase. 
A third phase was evident at the temperature where the intermediate phase 
labeled as I" exists (see DSC trace of the 20 mol% Li-doped OIPC, Figures ‎5.2 
and ‎5.3 c). The matrix phase remains in monoclinic system but the secondary 
trigonal phase decreases substantially and a significant amount of a third cubic 
phase is formed (changes arrowed in Figure ‎5.3 c).  
Interestingly, after moving through the additional transitions found in the 
DSC trace of the 20 mol% Li-doped OIPC, increasing temperature to 100°C, the 
diffraction pattern exhibits similar indices to the ones found for the pure and 10 
mol% Li-doped OIPCs attributed to the same cubic structure of the phase I. 
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Table ‎5.2. Lattice parameters of the pure and Li-doped OIPCs. 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
[C2mpyr][BF4] 
 – 80 IV monoclinic P21 (4) 7.3542(1) 11.0153(2) 6.4457(1)  107.9431(9) 
 
496.76 
50 II trigonal P31c (159) 7.2495(1) - 12.1518(1)  
 
120 553.08 
100 I cubic Fm-3m (225) 10.4959(1) - -  
 
 1156.26 
10 mol% Li-doped [C2mpyr][BF4] 
 – 80 IV" monoclinic C2 (5) 21.9453(7) 16.0118(3) 12.8294(4)  83.668(2)  4480.54 
50 II 
monoclinic C2 (5) 22.4471(9) 16.3360(8) 12.9879(9)  83.543(4)  4732.40 
Secondary phase, trigonal P31c (159)        
100 I cubic Fm - 3m (225) 10.4936(1) - -  
 
 1155.51 
20 mol% Li-doped [C2mpyr][BF4] 
 
 – 80 IV" monoclinic C2 (5) 21.939(5) 16.009(4) 12.830(3)  83.661(2)  4478.62 
50 II 
secondary phase, monoclinic C2 (5) 22.370(6) 16.283(4) 12.949(3)  83.533(3)  4686.61 
trigonal P31c (159)        
75 I" 
monoclinic C2 (5) 22.491(2) 16.384(1) 13.0183(9)  83.536(1)  4766.72 
minor secondary phase, 
tigonal 
P31c (159)        
Ternary phase, 
cubic 
Fm-3m (225)        
100 I cubic Fm-3m (225) 10.4860(4) - -  
  
1152.99 
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Figure ‎5.3. Synchrotron XRD patterns for pure, 10 mol% Li-doped and 20 
mol% Li-doped [C2mpyr][BF4] at crystalline phase IV, ‎–‎80°C (a), 
phase II, 50°C (b) and phase I, 100°C (d).  
Note: the arrows represent relative changes in the peak intensity in going 
from 10 to 20 mol%Li salt content within the OIPC (figs. b, c) and also 
evolution of new peaks correspond to cubic structured phase upon increasing 
temperature in phase II from 50°C to 75°C (Figure ‎5.3 c). The inset in (d) 
section presents the overlapped patterns.  
5.2.A.1.2   Ionic conductivity and ion dynamics 
Figure ‎5.4 presents ion conductivity data for the pure and Li-doped OIPCs. 
Increasing the lithium salt concentration to 20 mol% results in a decrease in 
conductivity in phase II, compared to the 10 mol% Li-doped sample, however, the 
conductivity increased at higher temperatures in phase I compared to the other 
samples. The slope of the log conductivity versus temperature line was increased 
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in both phases for the higher 20 mol% LiBF4 concentration, indicating an increase 
in the activation energy for conduction in both phases II and I.  
 
Figure ‎5.4. Ion conductivity plots for the pure, 10 mol% Li-doped and 20 
mol% Li-doped [C2mpyr][BF4]. 
Figure ‎5.5-5.7  present variable temperature 
1
H, 
19
F and 
7
Li static spectra for 
the 20 mol% Li-doped [C2mpyr][BF4]. The measurements were commenced in 
phase II, at 283 K (10°C), with subsequent heating up to 363 K (90°C) into phase 
I.  
The 
1
H spectra across the whole temperature range in both phases II and I 
contain different components, including a broad peak and multiple narrower 
peaks. The narrow lines represent a more mobile component where the chemically 
distinct protons on the [C2mpyr]
+
 cation are resolved whereas the broad 
component is the immobile, bulk phase.  
 
Figure ‎5.5. VT-
1
H spectra of 20 mol% Li-doped [C2mpyr][BF4]. 
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The 
19
F spectra are also temperature dependent. As with the 
1
H spectra, both 
broad and narrow components are observed in phase II, with the gradual 
disappearance of the broad signal as the temperature increases into phase I. 
Initially, two narrow lines are dominant in phase II superimposed on a broad peak, 
but at 343 K (70°C) two more narrow lines are resolved as the broad line 
disappears. The initial narrow resonances seem to remain as the dominant mobile 
species in phase I. In comparison, the 
19
F spectra for 10 mol% Li-doped OIPC are 
composed of two distinct narrow lines, and the spectra for pure OIPC includes just 
a single narrow line (figs. 4.16. a, b). 
 
Figure ‎5.6. VT-
19
F spectra of 20 mol% Li-doped [C2mpyr][BF4]. 
The 
7
Li spectra exhibit a peak splitting in phase II and I compared to a 
single line in the spectrum obtained for the 10 mol% Li-doped sample presented 
in the previous chapter (Figure ‎4.19 a). The relative intensity of the peaks changes 
slightly with increasing temperature, but for all temperatures the low frequency 
peak exhibits higher intensity relative to the higher frequency peak. This is quite 
unusual behaviour and has not been observed previously in such systems. 
 
Figure ‎5.7. VT-
7
Li spectra of 20 mol% Li-doped [C2mpyr][BF4]. 
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5.2.A.2   Incorporation of the PAMPSLi fibres within the pure OIPC 
5.2.A.2.1   Changes in phase behaviour and crystalline structure  
The DSC trace for the OIPC/PAMPSLi fibres composite as shown in 
Figure ‎5.8 appears very similar to the pure OIPC with some minor differences. A 
slight shift in transition temperature for the phase IV to III and the III to II 
transitions is observed, shifting to lower values and accompanied by a decrease in 
enthalpy of 29.5 and 19.7% respectively. The shift in the onset of the phase II to I 
transition is in the opposite direction, towards higher temperatures and is less 
sharp in the composite sample, which is accompanied by 10.2% decrease in 
enthalpy. 
 
Figure ‎5.8. DSC thermal traces of pure [C2mpyr][BF4] and 
[C2mpyr][BF4]/PAMPSLi nanofibre composite. 
The diffraction patterns in Figure ‎5.9 show that the pure OIPC maintains the 
same crystal structure within the PAMPSLi fibre composite, exhibiting small 
changes (detailed in Table ‎5.3). A non-uniform decrease in peak intensity is 
observed in phase IV, i.e. some reflections decrease in peak intensity but some 
remain with the same intensity (arrowed in Figure ‎5.10 a). This may be due to 
texture or orientation within the matrix OIPC structure, with the large interfacial 
area introduced by the fibres possibly contributing to this. In all phases, shifts in 
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the majority of peak positions to lower angles are observed which can be due to 
the lattice expansion or as a result of strain induced within the structure. A slight 
increase in peak width is also observed which may be due to the grain refinement 
or strain introduction and distribution in the structure (inset in Figure ‎5.10 c).  
 
1
4
4
 
 
 
 
 
Table ‎5.3. Lattice parameters of the pure [C2mpyr][BF4] in neat form and within PAMPSLi nanofibre composite. 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
[C2mpyr][BF4] 
 – 80 IV monoclinic P21 (4) 7.354 (1) 11.0153(2) 6.4457(1)  107.9431(9) 
 
496.76 
50 II trigonal P31c (159) 7.2495(1) - 12.1518(1)  
 
120 553.08 
100 I cubic 
Fm-3m 
(225) 
10.4959(1) - -  
 
 1156.26 
[C2mpyr][BF4]/ 
PAMPSLi 
composite 
 – 80 IV monoclinic P21 (4) 7.354(7) 11.02(2) 6.447(6)  72.039(4)  497.07 
50 II trigonal P31c (159) 7.20(2) - 12.00(2)   120 538.01 
100 I cubic 
Fm-3m 
(225) 
10.49028(9) - -   
 
1154.41 
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Figure ‎5.9. Synchrotron XRD patterns for the pure [C2mpyr][BF4] within 
PAMPSLi fibres at crystalline phase IV, ‎–‎80°C (a), phase II, 
50°C (b) and phase I, 100°C (c). 
5.2.A.2.2   Changes in ionic conductivity and ion dynamics 
An increase in ionic conductivity is observed for the OIPC upon 
incorporation of PAMPSLi fibres across the whole measurement temperature 
range (Figure ‎5.10). The degree of increase is greater in phase II compared to 
phase I. A similar step change in conductivity is observed at the phase II to I 
transition temperature, with a shift in the onset of this step to higher temperatures 
(approximately 10°C) in the composite. This is in contrast to the observation in 
the equivalent PVDF composite in which there was a steady increase in 
conductivity without a step at the transition.  
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Figure ‎5.10. Ionic conductivity of the pure [C2mpyr][BF4] and the PAMPSLi 
fibre composite. 
Figure ‎5.11 and 5.12 present variable temperature 
1
H and 
19
F NMR spectra 
of the pure [C2mpyr][BF4] within the PAMPSLi fibre network. The experiment 
was started at room temperature in phase II, followed by heating to 100°C (373 K) 
in phase I. Slight peak narrowing is observed in the 
1
H spectra at the phase II to I 
transition. This is accompanied by the appearance of a narrow component 
superimposed on the broad resonance, which reflects the activation of a high 
mobility component in the presence of fibres.  
 
Figure ‎5.11. VT-wide line 
1
H spectra of [C2mpyr][BF4]/PAMPSLi 
composite. 
Narrowing is also observed in the 
19
F spectra at the phase II to I transition, 
demonstrating an increased mobility of the anions. The spectra exhibit 
heterogeneity of the environment for the anion, showing significant asymmetry in 
the 
19
F resonance with distinct shoulders on both sides of the central peak 
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observed in phase I. This indicates different environments exist for the anion in 
the presence of PAMPSLi fibres which was not the case with PVDF fibres; in the 
latter case a homogenous non-symmetric broad 
19
F peak was observed over the 
entire measurement temperature range of phase II and relatively narrow and 
symmetric shape was found in phase I (figs. 4.16 and 4.17). This may also 
indicate a more averaged uniform environment for the anion within the PVDF 
fibre composite, compared to more distributed environments in the case of the 
PAMPSLi fibres, again reflecting the influence of difference in the fibre 
molecular structures. The observed individual shifts may correspond to the BF4 
anions within the bulk OIPC and the interfacial regions in the vicinity of fibres, 
where there may be different environments for the anion depending on the 
neighboring polymer structure (eg. the Li
+
 ion, the polymer backbone or H-
bonding with the amide on the side group), which was not the case in vicinity of 
PVDF fibres (neighboring just two different sides of -CH2 or -CF2). Furthermore, 
the degree of shift in central peak position is smaller in PAMPSLi composite 
having less chemical shift values compared to PVDF composite (the difference is 
about ‎–‎10 ppm). 
 
Figure ‎5.12. VT-solid-state 
19
F spectra of the pure [C2mpyr][BF4]/PAMPSLi. 
5.2.A.3   Incorporation of PAMPSLi fibres within the Li-doped OIPCs  
5.2.A.3.1   Effects on the phase behaviour and crystal structure  
The thermal traces of the Li-doped OIPC PAMPSLi fibre composites are 
significantly different to the DSC traces of the Li-doped OIPC materials alone.  
A large decrease in the enthalpy of the transition from phase IV to III is observed 
followed by an increase in the enthalpy of the III to II transition in the 10 mol% 
Li-doped OIPC (Figure ‎5.13 a). The additional phase I' to I transition in the 10 
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mol% Li-doped OIPC disappears with a concomitant shift in the phase II to I 
transition to higher temperature. 
A similar trend is observed for the 20 mol% Li-doped OIPC composite 
except the additional transitions due to the extra Li-doping do not completely 
disappear. Those peaks are, however, still suppressed in intensity, shifted to lower 
temperature and the intermediate transitions (I" to I' and I' to I) were merged 
(Figure ‎5.13 b).  
 
 
Figure ‎5.13. DSC thermal traces of the 10 mol% lithium-doped 
[C2mpyr][BF4] and the PAMPSLi nanofibre composite (a) and 
of the 20 mol% lithium-doped [C2mpyr][BF4] and PAMPSLi 
nanofibre composite (b). 
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The crystallographic observations for the Li-doped OIPC/PAMPSLi 
composites are very different to what was measured for the PVDF composites 
(Figure ‎4.7). Figure ‎5.14 shows diffraction patterns for 10 and 20 mol% Li-doped 
OIPCs and the PAMPSLi composites in different crystalline phases IV", II and I 
(Figure ‎5.14 a-d).  
Broad backgrounds were observed in phase IV" for the composites, 
suggesting a partially amorphous phase is present (Figure ‎5.14 a). The broader 
crystalline peaks also lose sharpness on top of this broad background, suggesting 
the crystalline portion of the OIPCs most likely have a very small grain size. This 
might be an indication that the nucleation of the Li-doped OIPC crystallites is 
altered in the presence of the fibres, leading to small scale structure (possibly 
nano-sized) within the composite material in phase IV".  
Interesting observations were found upon increasing temperature into the 
phase II region of the composites. The secondary trigonal phase that was found in 
Li-doped OIPCs is still present in the fibre incorporated system, unlike the PVDF 
composite system (Figure ‎4.7). However, there are major differences for each 
lithium ion concentration. While the intensity of the secondary trigonal phase 
remains almost unchanged in the 10 mol% Li-doped OIPC composite, there is a 
considerable increase in intensity in the 20 mol% system. The arrows in 
Figures ‎5.14 b and c show relative changes observed for each individual peak 
after fibre incorporation. Interestingly, there is a decrease in intensity of the peaks 
in both systems that correspond to the monoclinic primary matrix phase. In 
addition, the decrease observed in peak intensity is non-uniform (e.g., comparing 
peaks with indices of ( ̅02) and (330) in Figure ‎5.14 c), i.e. some major peaks of 
the primary monoclinic phase remain with the same intensity or exhibit a smaller 
decrease in intensity compared to the ones with suppressed intensity. This might 
be an indication of the preferential orientation of the structure in certain 
crystallographic directions in the presence of fibres, presumably indicating that 
the surface of the fibres favors the nucleation and growth of the crystallites in 
certain directions. This appears to also be affected by the second phase 
distribution and alterations in their fraction, as the effect is different for the two 
Li-ion concentrations studied (Figure ‎5.15 c). The peaks attributed to the 
secondary phase were not present in the diffraction patterns of Li-doped 
OIPC/PVDF composites (Figure ‎4.7). The peaks for the matrix monoclinic phase 
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have a slightly broader linewidth, suggesting the presence of strain within the 
crystalline regions or a smaller grain size as a result of fibre incorporation. 
Furthermore, all peaks shift to lower angles in phase II of the 10 mol% Li-doped 
OIPC composite, which is not the case for the 20 mol% Li-doped sample, 
possibly an indication of tensile strain introduction or lattice expansion within the 
unit cell in the presence of the PAMPSLi fibres for the lower concentration 10 
mol% system, which is not present in the 20 mol% system.  
There is a difference in the transition to phase I for the different lithium salt 
concentrations. The lattice system changes to the phase I cubic structure at 75°C 
(348 K) in the 10 mol% Li-doped OIPC composite, consistent with the absence of 
the I' to I in the DSC trace (Figure ‎5.13 a and Table ‎5.4). However, this is not the 
case for the 20 mol% Li-doped OIPC composite, in which the matrix structure is 
still retained in the monoclinic system at 75°C (348 K) and the intermediate I' 
phase still exists in the DSC trace (Figure ‎5.13 b and Table ‎5.4). This indicates 
that for the increased 20 mol% Li ion concentration, an additional endothermic I' 
to I transition, as observed in the thermal trace, was required before the final cubic 
system was adopted (Figure ‎5.13 b).  
Both Li-doped composites transform to a similar cubic structure as with the 
neat OIPCs in phase I (100°C, 373 K, Figure ‎5.14 c and Table ‎5.4). A shift in peak 
positions and a very slight increase in peak width were observed in the diffraction 
pattern of the 10 mol% Li-doped OIPC composite when compared to the sample 
without fibres, which can be caused by structural strain induction (inset in 
Figure ‎5.14 d). On the other hand, for the 20 mol% Li-doped OIPC structure there 
was no change upon incorporation of the fibres.  
 
 
 
 
 
 
1
5
2
 
 
 
 
Table ‎5.4. Lattice parameters of the Li-doped [C2mpyr][BF4] systems. 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
10 mol%Li-doped [C2mpyr][BF4] 
 – 80 IV" monoclinic C2 (5) 21.9453(7) 16.0118(3) 12.8294(4)  83.668(2)  4480.54 
50 II monoclinic C2 (5) 22.4471(9) 16.3360(8) 12.9879(9)  83.543(4)  4732.40 
100 I cubic Fm-3m (225) 10.4936(1) - -    1155.51 
10 mol%Li-doped [C2mpyr][BF4] 
/PAMPSLi composite 
 – 80 IV" monoclinic C2 (5) 21.93633(6) 16.021(4) 12.864(4)  83.71(2)  4493.00 
50 II Monoclinic (second phase) C2 (5) 22.4382 (2) 16.3349(4) 12.9946(6)  83.552(2)  4730.17 
 II 
Trace ending no.1,2 
(second phase) 
P31c        
75 I' cubic Fm-3m(225) 10.4581(3) - -    1143.83 
100 I cubic Fm-3m(225) 10.4936(3) - -    1143.83 
20 mol%Li-doped [C2mpyr][BF4] 
 
 – 80 IV" monoclinic C2 (5) 21.939(5) 16.009(4) 12.830(3)  83.661(2)  4478.62 
50 II monoclinic C2 (5) 22.370(6) 16.283(4) 12.949(3)  83.533(3)  4686.61 
75 I" monoclinic C2 (5) 22.491(2) 16.384(1) 13.0183(9)  83.536(1)  4766.72 
100 I cubic Fm-3m(225) 10.4860(4) - -  
 
 1152.99 
20 mol%Li-doped [C2mpyr][BF4] 
/PAMPSLi composite 
 – 80 IV"          
50 II monoclinic C2 (5) 22.4366(6) 16.3241(6) 12.9788(7)  83.538(3)  4723.38 
75 I" monoclinic C2 (5) 22.520(1) 16.389(1) 13.0249(9)  83.498(3)  4776.26 
100 I cubic Fm-3m(225) 10.4914(2) - -  
 
 1154.79 
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Figure ‎5.14. Synchrotron XRD patterns for 10 and 20 mol% Li-doped 
[C2mpyr][BF4] and the PAMPSLi fibre composites in crystalline 
phases IV, ‎–‎80°C (a), phase II, 50°C (b, c) and phase I, 100°C 
(d), the arrows in the figures indicate the change in intensity or 
position of the peaks to lower or higher values compared to the 
neat Li-doped OIPCs. The inset in (d) section presents the 
overlapped patterns labeled as Y, Y", Z and Z". 
5.2.A.3.2   Ionic conductivity and ion dynamics 
In the entire temperature range measured, there is a decrease in the 
conductivity of the Li-doped OIPCs with incorporated PAMPSLi fibres, with 
different trends observed for samples having different Li-ion concentrations 
(Figure ‎5.16). The amount of decrease in the 10 mol% Li-doped sample is much 
greater than the 20 mol% Li-doped sample. Also, a uniform degree of decrease in 
ion conductivity is observed across both crystalline phases for the 10 mol% Li-
doped OIPC composite in comparison with the neat material (Figure ‎5.16 a). This 
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is not the case for the 20 mol% Li-doped system, in which the conductivity in 
phase II is closer to that of the 20 mol% sample without fibres.  
Another interesting observation is the distinct step increase in conductivity 
at the transformation to phase I in the Li-doped OIPC composites, which is a 
reflection of the more identical intermediate transitions to the I" and I' phases 
compared to the neat OIPCs which exhibit a smooth steady increase in 
conductivity.  
 
 
Figure ‎5.15. Comparison between the ion conductivity of lithium-doped 
[C2mpyr][BF4] OIPCs and the PAMPSLi composites. 
Figure ‎5.15 compares the conductivity of the PAMPSLi fibres containing 
pure and Li-doped OIPCs (Figure ‎5.16 a), with the neat OIPC (Figure ‎5.16 b) and 
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also with the Li-doped PVDF composite (Figure ‎5.16 c). The conductivity of the 
20 mol% Li-doped PAMPSLi composite is higher in both crystalline phases than 
the other PAMPSLi and also PVDF composites, importantly, having a higher 
conductivity than the neat pure OIPC. Accordingly, we would expect to observe 
improved performance of a lithium device that utilizes the 20 mol% Li-doped 
PAMPSLi fibre composite membranes as a solid-state composite electrolyte, a 
topic to be investigated in future studies. 
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Figure ‎5.16. Comparison between ion conductivity of the pure and Li-doped 
[C2mpyr][BF4]/PAMPSLi composites (a), with the pure 
[C2mpyr][BF4] (b) and with 10 mol% Li-doped 
[C2mpyr][BF4]/PVDF composite (c). 
Figure ‎5.17 presents variable temperature 
1
H, 
19
F and 
7
Li spectra of the 10 
mol% Li-doped [C2mpyr][BF4] PAMPSLi composite. The measurements begin at 
room temperature in phase II, followed by heating to 363 K (90°C) in phase I. The 
1
H spectra exhibit a single broad component in phase II, from room temperature 
up to 343 K (70°C), a temperature where the transition to phase I has just 
commenced (according to the DSC trace, Figure ‎5.13 a). The spectrum changes to 
become multi component, including narrow lines, which become very well 
resolved as narrow lines at 363 K (90°C) in phase I, This reflects a mobile cation 
component, while the broad background still remains from those cations that 
are less mobile. Such multicomponent NMR spectra are commonly seen for 
OIPC materials with increasing temperature. While we cannot completely 
ignore the possibility that some of the broad component is also due to the 
polymer present from the PAMPSLi fibres, the relative fraction of the 
broader component is too high to completely reflect the polymer 
contribution. 
The 
19
F spectra showed a similar trend, i.e., up to the phase II to I transition, 
the spectrum has a single broad line shape but at least two narrow components 
appear at 343 K (70°C) following the phase transition, however the broad 
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background appears to be removed in phase I. This is consistent with a much 
more mobile BF4
‎ anion in the OIPC compared with the pyrrolidinium 
cation. 
 The 
7
Li spectra contain a broad resonance in phase II and exhibit a gradual 
narrowing with increasing temperature up to 343 K (70°C) at which point splitting 
is observed, with two distinct narrow lines evolving and becoming dominant with 
the loss of the broad background at 363 K (90°C). The low signal to noise ratio in 
7
Li spectra makes more definite conclusions difficult, however, it is clear distinct 
environments exist for the Li nuclei.  These distinct environments are also present 
in the 20 mol% Li-doped OIPC without fibres, although the relative intensity of 
the peaks is different in this case (Figure ‎5.7). We are not able to further 
determine the precise nature of these environments but the concomitant 
presence of multiple 
19
F peaks suggest that different Lix(BF4)y
–
 species exist 
both in the 20 mol% Li-doped OIPC material as well as this composite with 
PAMPSLi. This is also consistent with multiple phases observed in the 
XRD data.  
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Figure ‎5.17. VT-solid-state 
1
H, 
19
F and 
7
Li spectra of the 10 mol% Li-doped 
[C2mpyr][BF4]/PAMPSLi composite. 
Figure ‎5.18 presents variable temperature 
1
H, 
19
F and 
7
Li spectra of 20 
mol% Li-doped [C2mpyr][BF4] within PAMPSLi fibres. The experiment started 
with the measurement in phase II at 283 K (10°C), followed by heating up to 373 
K (100°C) in phase I.   
The 
1
H spectra are very different in the composite compared with the neat 
20 mol% Li-doped OIPC (Figure ‎5.5). The starting spectra in phase II contain just 
one broad component. Narrow lines superimposed on a smaller, broad signal 
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appear just after heating to 333 K (60°C) close to the II to I" phase transition 
observed in the DSC trace of the 20 mol% Li-doped OIPC (Figure ‎5.2). At higher 
temperatures, the spectra show similar features in phase I as was observed in the 
neat 20 mol% Li-doped OIPC. 
There are greater changes in 
19
F spectra of the composite compared to the 
neat 20 mol% Li-doped OIPC (Figure ‎5.6). Similar to the 
1
H spectra, all the phase 
II spectra show just a single broad component up to 313 K (60°C) in the 
composite. Narrow lines appear upon increasing the temperature towards phase I. 
Furthermore, the relative intensity values of the different narrow components and 
the peaks positions are different in the composite compared to the neat 20 mol% 
Li-doped OIPC (Figures ‎5.6 and ‎5.18), which indicate a different distribution of 
environments for the BF4 anions in the composite compared with the neat 
material.  
The 
7
Li spectra of the 20 mol% Li-doped OIPC fibre composite are different 
to those of the OIPC. There is no clear splitting in the spectra of the composite as 
was observed previously for the OIPC (Figures ‎5.7 and ‎5.18), although this may 
simply be due to the spectra being broader overall, as at higher temperatures the 
spectra appear to have more than one component.   
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Figure ‎5.18. VT-solid-state 
1
H, 
19
F and 
7
Li spectra of the 20 mol% Li-doped 
[C2mpyr][BF4]/PAMPSLi fibre composite. 
Figure ‎5.19 compares the 
1
H, 
19
F and 
7
Li spectra of 20 mol% Li-doped 
[C2mpyr][BF4] with the PAMPSLi fibre composite. The broader spectra for the 
composite indicate less mobile environment for all the nuclei in the presence of 
fibres. 
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Figure ‎5.19. Plots comparing 
1
H, 
19
F and 
7
Li NMR spectra of 20 mol% Li-
doped [C2mpyr][BF4] and the PAMPSLi fibre composite at 
313K (40°C), in phase II. 
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5.2.B   Stability and reversibility of the phase transformations 
5.2.B.1   Thermal and crystalline structural hysteresis 
The reversibility of the transformations was examined through investigation 
of the thermal behaviour and crystalline structural changes of the materials in 
heating and cooling scans. The conditions were set assuring that the pure system 
undergoes equilibrium phase transformation and the role of additives were 
examined on the transformations in the system.   The following sections will 
present the related DSC and SXRD results. 
5.2.B.1.1   Thermal hysteresis 
The thermal behaviour of the composites was examined during the cooling 
step in order to find out how crystallization of the OIPC was affected by the 
addition of PAMPSLi fibres in both pure and Li-salt OIPCs. Figure ‎5.20 
illustrates DSC heating and cooling thermal traces for the composites. All samples 
were annealed at the end of cooling step just before the start of the heating scan 
according to the procedure described in the methodology section (at ‎–‎80°C for 20 
min and at ‎–‎95°C for 5 min, section 3.2).  
The pure OIPC shows several reversible transformations with a degree of under 
cooling (ΔT) required for each transformation to allow thermodynamic nucleation 
of the new phase within the matrix phase (ΔT is shown for the traces of pure 
OIPC composite in Figure ‎5.20). The degree of dependency of the change in the 
free energy of the system to the undercooling can be explained using a simplified 
equation written as:  
     
  
  
 ( 5.1) 
In which ΔG is the change in the free energy of the system for homogeneous 
nucleation
§§§
 of a certain volume of new phase at any given temperature, ΔT is the 
required under cooling at which the release of the free energy is sufficient to 
                                                 
§§§
 Homogenous nucleation is a simplified theory to estimate the nucleation of a new phase 
within a surface free even environment for nuclei formation on a set of nucleation sites, which 
provides approximate but physically reasonable predictions. Homogenous nucleation is rare to 
occur as the majority of systems under study contain surfaces such as grain boundaries, defects, 
voids, that facilitate nucleation as the nucleation barrier is much smaller on a surface. The latter 
theory is described as heterogeneous nucleation and is more common in real systems. Studies on 
heterogeneous nucleation also have been developed on various surfaces. 
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overcome the surface energy required for the nucleation of the new phase, Tf is 
the equilibrium temperature of the phase transformation and L is the latent heat 
107, 116-118
.  
The results presented in Figure ‎5.20 indicate the degree of under cooling 
required for the higher temperature phase II crystallization from phase I is greater 
compared with the low temperature transitions. Furthermore, the size of the peaks 
indicate that all of the transitions require almost the same amount of thermal 
energy upon cooling for the nucleation and growth of the low temperature phases 
as the amount that was released in the heating scan for their transition to their 
stable high temperature phases, except for the phase III to IV transition, in which 
less thermal energy was consumed for the crystallization of phase IV than the 
amount that was released in heating step. 
 
Figure ‎5.20. DSC results included cooling traces for the composites. 
With 10 mol% lithium-doping a greater degree of undercooling was 
required to establish the transformation from phase II to I (red traces in 
Figure ‎5.20) compared to the pure OIPC. Also, unlike the pure OIPC, there wasn't 
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a significant difference in the size of the peaks for transitions between phase III 
and IV in cooling and heating scans, similar to the other transitions in this sample.   
In contrast, while the cooling trace for the 20 mol% sample shows that the onset 
of the transitions was similar to that to the 10 mol% Li-doped sample, the peak 
related to the I to II crystallization process in the cooling step wasn't fully 
established, decreasing significantly in size and partially dispersed over a broad 
temperature range. This is also the case for the last transition in the cooling step. 
The cooling trace of the neat 20 mol% Li-doped OIPC also indicates that all of the 
crystallization transitions occur in reversible form in the neat Li-doped OIPC 
(Figure ‎5.21). 
 
Figure ‎5.21. DSC thermal traces of the 20 mol% Li-doped [C2mpyr][BF4] 
and the composite during cooling and heating steps. 
5.2.B.1.2   Crystalline structural hysteresis 
The XRD patterns during the cooling scans acquired just after the 
composites were heated and rested at 100°C for 5 min are presented in 
Figure ‎5.22. The patterns are also compared in each graph to the ones acquired in 
the heating scan from ‎–‎80°C to 100°C. The temperatures were set to these values 
so as to allow the material to fully transform to the appropriate phase in the 
heating scan (all at 50°C) and to allow a degree of undercooling for all the 
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materials in the cooling scan (all at 27°C). The same measurement temperatures 
were used for all of the samples to allow comparison of the crystallization process 
in the samples at 27°C. Patterns acquired in the intermediate stages of the 
transformations during the cooling scans were also acquired (all at 50°C), in order 
to investigate the progress of the transformations in each composite and to 
compare with the microstructure of the samples at the same temperature in heating 
scan. The lattice parameters are presented in Table ‎5.5. 
Unlike the heating scan where the pure OIPC composite was fully in phase 
II at 50°C having the trigonal lattice system, the transformation has not still been 
initiated to the trigonal system in the cooling scan at the same temperature (at 
50°C), remaining in the phase I cubic system (Figure ‎5.22 a and Table ‎5.5). This 
observation is consistent with the DSC traces of the composite indicating a degree 
of undercooling required for the transformation to initiate. This is while the 
material has been fully recrystallized in a reversible way to the phase II trigonal 
structure at 27°C. The small shifts in peak positions to higher diffraction angles 
were expected as it corresponds to the thermal contraction of the unit cell at 27°C 
compared to the 50°C pattern in heating trace (Figure ‎5.22 a). 
Interestingly, the 10 mol% Li-doped OIPC exhibited similarities in the 
transformations at 50°C in the cooling scan to the pattern acquired during heating 
(Figure ‎5.22 b, Table ‎5.5), retaining the secondary phase, but in this case the 
secondary phase maintained the phase I cubic system instead of the phase IV 
monoclinic crystal system in which the secondary phase existed in the heating 
step (recollect that the lattice system of all composite systems in phase I, is cubic 
at 100°C). However, similar to the pure composite, the lattice system was fully 
transferred to the trigonal lattice system by further decrease in temperature to 
27°C (Figure ‎5.22 b, Table ‎5.5). 
More interesting observations were found for the increased lithium content 
OIPC system (Figure ‎5.22. c, Table ‎5.5). Unlike the 10 mol% Li-doped system, 
the 20 mol% Li-doped OIPC composite retained a secondary cubic phase and a 
third phase having an orthorhombic lattice system (at 50°C in the cooling scan). 
However, the majority of secondary phase existed in the cubic lattice system, 
which fully disappears with further decrease in temperature to 27°C. However, 
unlike the other composite systems, the trigonal matrix still contains a secondary 
orthorhombic as phase at 27°C in the 20 mol% Li-doped OIPC composite. This is 
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consistent with the DSC trace of the composite, which does not indicate a fully 
reversible transformation in the cooling trace (Figure ‎5.20). 
  
 
1
6
9
 
Table ‎5.5. Lattice parameters of the [C2mpyr][BF4] composites in phase II at heating and cooling scans. 
Material 
T(°C), 
Scan 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
[C2mpyr][BF4]/PAMPSLi 
composite 
50 
Heating 
II Trigonal P31c (159) 7.24763 (1)  12.147 (1)   120 552.6 (1) 
50 
Cooling 
I Cubic 
Fm-3m 
(225) 
10.42229(2)      
1132.113 
(6) 
27 Cooling II Trigonal P31c (159) 7.240(2)  12.111 (2)   120 549.9 (2) 
10 mol% Li-doped 
[C2mpyr][BF4] 
/PAMPSLi composite 
50 
Heating 
II Trigonal P31c (159) 7.25188(8)  12.1503(4)   120 553.37(2) 
Secondary Monoclinic C2(5) 22.4382(4) 16.3425(3) 
13.0005 
(3) 
 83.5498(7)  4737.0(1) 
50 
Cooling 
II Trigonal P31c (159) 7.2474 (2)  12.1411(4)   120 552.28(4) 
Secondary Cubic 
Fm-3m 
(225) 
10.4219(3)      1131.9(1) 
27 
Cooling 
II Trigonal 
P31c 
(159) 
7.2265 (7)  12.081 (1)   120 546.3(1) 
20 mol% Li-doped 
[C2mpyr][BF4] 
/PAMPSLi composite 
 
50 
Heating 
II Trigonal 
P31c 
(159) 
7.2476(1)  12.1434(4)    552.42(3) 
Secondary Monoclinic C2 (5) 22.4246(4) 16.3330(3) 12.9913(3)  83.5528(6)  4728.1(2) 
50 
Cooling 
II Trigonal P31c (159) 7.2508(2)  12.1450(2)   120 552.97(3) 
Secondary 
(major) 
Cubic 
Fm-3m 
(225) 
10.4254(2)      1133.15(7) 
Ternary 
(minor) 
Orthorhombic Pna21 21.6856(9) 11.9979(6) 14.9709(5)    3895.2(2) 
27 
Cooling 
II Trigonal P31c (159) 7.2312(2)  12.0868(2)   120 547.34(4) 
Secondary Orthorhombic Pna21 21.5957(7) 11.9084(2) 14.9793(6)    3852.2(2) 
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Figure ‎5.22. SXRD plots of the pure, 10 mol% Li-doped and 20 mol% Li-
doped [C2mpyr][BF4] PAMPSLi nanofibre composites in 
heating from  -80°C (just after solvent casting) and in cooling 
step after annealing at 100 °C for 5 min. 
The neat 20 mol% Li-doped OIPC exhibited similar SXRD patterns to the 
composite (Figure ‎5.23 a and b). However, the comparison between the relevant 
patterns of both heating and cooling scans indicates that the relative intensity of 
secondary phases was decreased with incorporation of PAMPSLi fibres (arrowed 
in Figure ‎5.23 b).  
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Figure ‎5.23. Comparison between SXRD patterns of the 20 mol% Li-doped 
[C2mpyr][BF4] PAMPSLi nanofibre composites with respect to 
the neat OIPC in heating and cooling scans (heated from  ‎–‎80°C 
after solvent casting and cooled step after annealing at 100 °C 
for 5 min). 
Note: The arrows in the Figure ‎5.23 b compare the peaks in the composite 
with respect to the similar reflections from the neat OIPC at each relevant 
pattern. 
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5.2.B.2   Dependency on thermal regime 
From all the measurements and observations using the various techniques 
discussed thus far, it is apparent that phase and conductivity behaviours of the 
composites start to exhibit significant dependency on thermal history, particularly 
upon lithium salt addition to the OIPC. Furthermore, this dependency is 
influenced to a great extent by the level of lithium salt doping within the OIPC.   
In the following sections DSC thermal traces, XRD patterns, conductivity graphs 
and solid-state NMR spectra acquired for 'as cast'
****
 composite disks are 
compared to the same samples after heating up to the temperature in which the 
material passes through all transitions observed in DSC traces towards phase I 
followed by resting for 3 min at 100°C; these latter are referred to as annealed 
samples. The thermal regime in all the scans during the cooling and heating steps 
was kept constant for all the samples compared in the figures as described in the 
methodology section. 
5.2.B.2.1   Phase behaviour dependency on thermal history 
Figure ‎5.24 and 5.25 show DSC thermal traces for 10 mol% and 20 mol% 
Li-doped OIPC composites just after solvent casting of the OIPCs within the 
PAMPSLi fibres and after heat treatment.  
Whilst the DSC pattern of the pure OIPC in the PAMPSLi composite exhibited 
almost no change in the transitions in the as cast and annealed samples, showing 
similar traces to those presented in Figure ‎5.6, the Li-doped composites exhibited 
significant changes.  
The traces in Figure ‎5.24 belong to the samples all cooled down from the 
room temperature with resting at ‎–‎80°C for 20 min and at ‎–‎95°C for 5 min and 
present the thermal behaviour of the 10 mol% Li-doped OIPC PAMPSLi 
nanofibre composite in as-cast (trace Y"0 ), annealed (Y"1) , after resting the 
annealed sample for 2 weeks (Y"2) and for 4 weeks (Y"3) at room temperature 
with a further comparison to the 10 mol% Li-doped OIPC in the absence of fibres 
(trace Y).   
                                                 
****
 „As cast‟ term refers to the as received samples from the solvent casting, just after 
drying and pressing steps without being subjected to high temperatures, i.e. above the phase II to I 
transition temperature (drying temp 55°C under vacuum , press temp 60°C, sample prep. finished 
with drying under vacuum at 55°C).   
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The transitions IV to III and III to II were not significantly affected in shape 
compared to the neat 10 mol% Li-doped OIPC, but the onset of transitions was 
shifted about 2°C to lower temperatures with the absence of the shoulder from the 
IV to III peak and exhibiting a decrease in enthalpy of the transition (black and 
red traces labeled as Y and Y"0 in Figure ‎5.24). This is while the transition II to I' 
was shifted about 4°C to higher temperature, followed by a decrease in onset of I' 
to I transition. After the composite was heated and cooled down with the same 
cooling sequences mentioned for the as cast sample
††††
, the blue Y"1 trace was 
obtained. There are significant changes in this trace, with a significant decrease in 
enthalpy of phase IV to III transition and the disappearance of intermediate I' 
region from the trace. The disappearance of the final transition is similar to what 
was observed for the 10 mol% Li-doped OIPC PVDF nanofibre composite 
(Figure ‎4.4, trace Y'). The thermal behaviour remained the same in the 
consecutive scans even after resting the material for long periods, of up to 4 
weeks, at room temperature (inside the sealed DSC crucible) and the final 
transition I' to I was absent in all cases. (green and pink traces, Y"2,3).  
                                                 
††††
  The cooling sequence was set to a resting step at -80°C for 20 min and at –95°C for 5 
min just before all of the heating scans reported in figs. 5.24, 5.25. All heating scans were ended at 
130°C after resting for 1 min, followed by cooling of the samples to the room temperature. The 
scan rate for all heating and cooling steps was adjusted to 10°Cmin
‎–1‎. 
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Figure ‎5.24. DSC thermal traces of the 10 mol% Li-doped OIPC (trace Y),  
10 mol% Li-doped OIPC PAMPSLi nanofibre composite in as-
cast (Y"0 ), annealed (Y"1) , after resting of the annealed sample 
for 2 weeks (Y"2) and for 4 weeks (Y"3) at room temperature. 
The DSC traces of 20 mol%Li-doped OIPC composite were distinctly 
different to those for the 10 mol%Li-doped OIPC composite (Figure ‎5.25). The 
transitions IV to III and III to II were significantly less resolved and broadened in 
the as cast sample during the heating run, compared with the neat 20 mol% Li-
doped OIPC (black and red traces, Z and Z"0 in Figure ‎5.25). These transitions 
also exhibit about a distinct 2°C shift towards higher temperatures, which was not 
the case in the pure and 10 mol% Li-doped OIPC PAMPSLi composites. The 
phase II to I transition was also increased by about 2°C (similar to the 10 mol% 
Li-doped OIPC composite but not to the pure composite). The intermediate 
transitions labeled as I" to I' and I' to I were merged, exhibiting a single 
overlapped feature having a similar 2°C shift to lower temperature, as was the 
case for the 10 mol% Li-doped OIPC as-cast composite. After annealing, a large 
decrease in the enthalpy of the IV to III transition and an increase in enthalpy of 
the III to II transition was observed, similar to the trend for the 10 mol% Li-doped 
composite (Figures ‎5.24 and ‎5.25, blue traces Y"1, Z"1). The II to I" transition 
increases in enthalpy, whilst the I" and I' transitions remain overlapped but 
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somewhat suppressed compared to the as cast sample. In contrast, this feature was 
completely absent from the 10 mol% Li-doped OIPC composite.  
The thermal behaviour remained almost the same in the consecutive scans 
even after resting the annealed composite for long periods of up to 4 weeks at 
room temperature (pink and green traces, Z"2,3 in Figure ‎5.25). 
 
Figure ‎5.25 DSC thermal traces for the 20 mol% Li-doped OIPC (trace Z),  
20 mol% Li-doped OIPC PAMPSLi nanofibre composite in as-
cast (Z"0 ), annealed (Z"1) , after resting of the annealed sample 
for 2 weeks (Z"2) and for 4 weeks (Z"3) at room temperature. 
5.2.B.2.2   Ion conductivity dependency on thermal history 
The above-mentioned observations are also reflected in the conductivity 
behaviour of the composites. Figure ‎5.26 illustrates the ion conductivity plots for 
the as cast and annealed composites (rested at 130°C for 15 min).  
Whilst the pure OIPC/PAMPSLi composite exhibits consistent conductivity 
behaviour with thermal cycling, the Li-doped composites show a significant 
increase in conductivity in the low temperature phases upon annealing. The effect 
is even more pronounced with increasing lithium salt content within the OIPC, i.e. 
about a 2.5 order of magnitude increase in conductivity is achieved in 10 mol%Li-
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doped OIPC composite whereas about a 4 order of magnitude increase was 
observed in 20 mol%Li-doped OIPC composites.   
Successive isothermal measurements for the annealed 20 mol% Li-doped OIPC 
composite at room temperature indicate stability of the conductivity for over 168 
h. 
An increase in conductivity upon thermal cycling, due to either the 
improved compaction of pre-pressed particles within a pellet and/or due to 
improved interfacial contact between a pellet sample and the electrodes has also 
been observed for these samples, but with a much smaller degree of increase in 
conductivity.  This, however, cannot account for the dramatic increases seen in 
this case, as all the membranes were pre-pressed at 50°C prior to the 
measurements and after loading in conductivity cells were conditioned at 50°C 
inside the oven for 2 h. This will be discussed further in the  discussion section at 
the end of this chapter. 
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Figure ‎5.26. Conductivity plots of the pure, 10 mol% Li-doped and 20 mol% 
Li-doped [C2mpyr][BF4] PAMPSLi nanofibre composites just 
after solvent casting (as-cast) and after annealed at 130°C for 15 
min. 
5.2.B.2.3   Ion dynamics 
VT solid-state NMR measurements were undertaken to probe 
1
H, 
19
F and 
7
Li nuclei during cooling scans of the composites just after heating the as-cast 
samples from room temperature to 373 K (100°C) and rested at this temperature 
for the measurement duration to undertake (annealed for half an hour). The results 
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exhibit very interesting features providing more detailed information on the ion 
dynamics within the annealed composites during cooling. These are presented and 
discussed in the following sections. 
 VT-wide line 
1
H spectra 
Cation dynamic was probed using solid-state 
1
H NMR measurements. 
Figure ‎5.27 a-d presents VT-
1
H spectra for the composites and also 20 mol%Li-
doped [C2mpyr][BF4]. The experiment started in phase II (top yellow traces), 
followed by heating the as-cast samples towards phase I (top traces with red 
tonality), followed by cooling the annealed samples to phase IV at 218 K (‎–‎55°C) 
with measurements in between (bottom traces with blue tonality). 
While all the samples exhibit reversibility in the shape of the spectra in the 
cooling scans, with regaining the initial features observed at the start of the 
measurements before heating (Figure ‎5.27 a, b and d), the 20 mol%Li-doped 
OIPC composite exhibit totally different behaviour (Figure ‎5.27 c). In this latter 
sample, upon cooling, the spectra retain a narrow sharp line which first appears on 
heating at around 333-373 K (60-100°C) in the high temperature phase.  This 
indicates that even at the lowest probed temperature in phase IV a mobile 
component is retained during the cooling cycle. It should be noted that each 
measurement during the cooling step took about half an hour which was 
considered a significant duration for any phase changes to occur. Thus it appears 
that a more dynamic phase (i.e, equivalent to a high temperature phase) is present 
in this material even at low temperatures. Indeed, the spectra remain unchanged 
even after few weeks of storing the sample at room temperature, again indicating 
the high kinetic stability of the trapped phase.  
Interestingly, the neat 20 mol%Li-doped OIPC does not exhibit similar 
behaviour to the composite (Figure ‎5.27 d). The NMR results highlight clearly the 
role of PAMPSLi fibres in retaining this highly dynamic phase for the high 
doping levels of lithium ion within the OIPC, and is consistent with the 
conductivity data presented above. 
It should be mentioned that even though the 10 mol%Li-doped OIPC 
composite does not show such a dramatic trend, a small degree of narrowing was 
still maintained during the cooling scan (Figure ‎5.27 b), indicating the role of 
lithium ions in maintaining a higher mobility in these materials. This may result 
from a hindering of the second phase nucleation and the need to go to very low 
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temperatures in order for the transformation to occur, as indicated from the XRD 
results (Table ‎5.5).  Thus the addition of Li ions to the matrix can act as a 
blocking agent hindering ion dynamics and hence nucleation and growth of the 
thermodynamic phase.  This possible mechanism is detailed in chapter 4 (section 
4.8.2). 
 
Figure ‎5.27.a. VT-wide line 
1
H NMR  spectra of [C2mpyr][BF4]/PAMPSLi 
composite  
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Figure 5.27.b. VT-wide line 
1
H NMR  spectra of 10 
mol%Li+[C2mpyr][BF4]/PAMPSLi composite(b.1) and the 
overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) with further cooling to the 
same starting temperature of 298 K , 25°C (b.2).  
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Figure ‎5.27.c. VT-Wide line 
1
H NMR  spectra of 20 
mol%Li+[C2mpyr][BF4]/PAMPSLi composite (c.1) and the 
overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled down to 
the same starting temperature of 298 K , 25°C (c.2).  
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Figure 5.27.d. VT-wide line 
1
H NMR  spectra of 20 mol%Li+[C2mpyr][BF4] 
(d.1) and the overlapped spectra for the material in as-cast 
and after subjected to heating (annealed) with further cooling 
to 313 K , 40°C (d.2) and to the same starting temperature of 
283 K , 10°C (d.3).  
Figure ‎5.27. Wide line VT-
1
H NMR  spectra of [C2mpyr][BF4]/PAMPSLi 
composite as described in each individual captions of a–d.  
VT-solid-state 
19
F spectra 
The 
19
F spectra provide additional detailed information about the nature of 
the transformations during cooling. Figure ‎5.28 presents VT-
19
F spectra for the 
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composites and also 20 mol%Li-doped [C2mpyr][BF4]. The measurements 
procedure was similar to what described for the 
1
H spectra acquisition
‡‡‡‡
.  
Similar interesting observation were found for the 20 mol%Li-doped OIPC 
composite as was the case for the 
1
H spectra , i.e. the maintenance of a narrow 
component, which evolves at high temperature, down to lower temperatures 
during cooling (Figures ‎5.27 c and ‎5.28 c). This is not the case for the other 
composites and also for the neat 20 mol%Li-doped OIPC. This suggests an 
increased anion mobility due to the presence of the fibres upon annealing at 
elevated temperatures and indicates a role of the fibres in retaining of a highly 
dynamic phase with mobile anions upon annealing, even at very low 
temperatures. The spectra remain unchanged even after a few weeks of storing the 
sample at room temperature, indicating the high stability of the microstructure 
formed. These observations provide clarification of the thermal behaviour 
observed for the composite (Figure ‎5.25) and correlates well with the conductivity 
behaviour of the material (Figure ‎5.26 c). 
An interesting observation that emerged in the 
19
F spectra of the 20 
mol%Li-doped OIPC composite is the shift in the resonances as well as the 
changes in the intensity and the shape of the spectral features (Figure ‎5.28 c), 
which are very different to the other composites as well as the neat 20 mol%Li-
doped OIPC. There is a clear shift in the position of the spectra to lower chemical 
shift values (more negative values) as the broad line seen at the start of the 
experiment transforms into narrow resonances at higher temperatures. The initial 
symmetric shape of the spectra was changed by heating, indicating heterogeneity 
in the environment for F at higher temperatures. This is the case for the other 
samples as well. However, the reversibility upon cooling of the other samples 
does not exist for this composite.   
 
                                                 
‡‡‡‡
 Measurements started in phase II (yellow top trace), followed by heating the as-cast 
samples towards phase I (top red traces), then the annealed samples cooled down to phase IV at 
218K (-55°C) with measurements in between (blue traces), and further heating to the room 
temperature (bottom yellow traces). 
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Figure 5.28.a. VT-
19
F  NMR  spectra of [C2mpyr][BF4]/PAMPSLi composite.  
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Figure 5.28.b. VT-
19
F NMR  spectra of 10 
mol%Li+[C2mpyr][BF4]/PAMPSLi composite (b.1) and the 
overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled to the same 
starting temperature of 298 K , 25°C (b.2).  
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Figure ‎5.28.c. VT-
19
F NMR  spectra of 20 
mol%Li+[C2mpyr][BF4]/PAMPSLi composite (c.1) and the 
overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled to the same 
starting temperature of 298 K , 25°C (c.2).  
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Figure 5.28.d. VT-
19
F NMR  spectra of 20 mol%Li+[C2mpyr][BF4] (d.1) and 
the overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled to the same 
starting temperature of 283 K , 10°C (d.2).  
Figure ‎5.28. VT-solid-state 
19
F spectra of [C2mpyr][BF4]/PAMPSLi 
composite as described in each individual captions a–d. 
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VT-solid-state 
7
Li spectra 
The VT-
7
Li spectra exhibit a heterogeneous environment for the lithium ion 
within these composites which was not the case for PVDF composites Figure ‎5.29 
a and b).  An additional line appeared in the 10 mol%Li-doped OIPC PAMPSLi 
composite spectra, presumably due to the presence of the functionalized lithium 
ion on the side chain of the fibres. The spectra exhibit reversibility in the cooling 
step of this sample compared with the heating step.  
On the other hand, for the 20 mol%Li-doped OIPC PAMPSLi composite 
(Figure ‎5.29 b), the initial spectrum shows a broad signal which exhibits 
narrowing upon increasing temperature. The spectra retain this narrow signal 
during cooling and stay with the same narrow shape even at the temperature at 
which phase IV would be expected. Further heating of the sample does not change 
this narrowed spectrum and is consistent with the high stability of the 
1
H and 
19
F 
spectra presented above. This behaviour is only observed in the composite, with 
the neat 20 mol%Li-doped exhibits broadening of the spectrum upon decreasing 
temperature (Figure ‎5.29 c).  However, in the latter sample, two narrow 
resonances of approximately equal intensities are observed even at 283 K 
suggesting that the lithium ion exists in two dynamic environments even in the 
neat 20 mol% OIPC system. 
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Figure ‎5.29.a. VT-
7
Li NMR  spectra of 10 
mol%Li+[C2mpyr][BF4]/PAMPSLi composite (a.1) and the 
overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled to the same 
starting temperature of 283 K , 10°C (a.2).  
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Figure ‎5.29.b. VT-
7
Li NMR  spectra of 20 
mol%Li+[C2mpyr][BF4]/PAMPSLi composite (b.1) and the 
overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled to the same 
starting temperature of 298 K , 25°C (b.2).  
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Figure ‎5.29. c. VT-
7
Li NMR  spectra of 20 mol%Li+[C2mpyr][BF4] (c.1) and 
the overlapped spectra for the material in as-cast and after 
subjected to heating (annealed) and further cooled to the same 
starting temperature of 283 K , 10°C (c.2).  
Figure ‎5.29. VT-solid-state 
7
Li spectra of Li-doped [C2mpyr][BF4]/PAMPSLi 
composites as described in each individual captions a–c.  
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5.3 Discussions 
5.3.1 The effect of increasing Li-salt concentration within [C2mpyr][BF4]  
 Structural behaviour 5.3.1.1
The observation from diffraction patterns indicate that the increased lithium 
concentration to 20 mol% affects the major structural changes of the OIPC in a 
similar sequence to what was the case for 10 mol% (Figure ‎5.3 and Table ‎5.2). 
However, additional significant changes are also introduced. The 20 mol% OIPC 
also crystallizes in a monoclinic system in phase IV as was the case for the pure 
OIPC, but less symmetry exists in the lattice system, which was also the case for 
the 10 mol% OIPC (Figure ‎5.3 a). The existence of additional low temperature 
transformations in both the 10 mol% and 20 mol% LiBF4 containing OIPCs may 
be attributed to the increasing symmetry in phase IV, prior to the transformation 
to phase III. A decrease in enthalpy for the OIPC transitions is an indication of 
increased disorder within the crystal structure upon increasing the lithium salt 
concentration. Transformation to phase II is accompanied by formation of two 
phases, similar to the 10 mol% system, but the matrix phase is crystalographically 
different (Table ‎5.2 and Figure ‎5.3 b); unlike the 10 mol% system, the majority of 
the material still occupies a monoclinic lattice while the secondary phase 
transformed to the trigonal lattice system (which was the primary matrix phase in 
10 mol% system and also for all of the matrix phase throughout the pure OIPC 
system). The lithium ion solubility level is different within the two lattice systems, 
being lower for the low temperature phase structure (monoclinic system). This 
therefore accounts for a decrease in conductivity observed in phase II for the 20 
mol% sample, compared to the 10 mol% system, because of the dominancy of the 
monoclinic lattice system as the matrix phase and the significant decrease in the 
amount of the trigonal phase (in contrast to the 10 mol% LiBF4 sample, 
Figure ‎5.4). The diffraction patterns also indicate that a further increase in 
temperature towards phase I, initially leads to transformation of the secondary 
trigonal phase to a cubic lattice system (phase I lattice system); this is reflected as 
the phase II to I" transition in the DSC trace of the 20 mol% sample (Figures ‎5.3 c 
and ‎5.2). Further transformations of the matrix monoclinic lattice system to 
trigonal and from trigonal to the cubic system leads to additional endothermic 
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transitions (distinct peaks labeled as I" to I' and I' to I (Figure ‎5.2)). As this series 
of transformations occurs, an increase in ion conductivity is observed, 
hypothesized to be due to the increased lithium ion content in solid solution phase 
I cubic structure (Figure ‎5.4 and Figure ‎5.3 d). The shift in peak positions in the 
diffraction patterns compared to the 10 mol% and pure OIPC (inset in Figure ‎5.3 
c) indicate significant distortion occurs within the lattice by this further increase 
of lithium ions. Such distortion, likely to lead to more defects in the structure, can 
assist further ion transport and can be an additional cause for the increase in 
conductivity observed in phase I for the 20 mol% sample (Figure ‎5.4). 
 Ion dynamics 5.3.1.2
The above-mentioned crystalline structural changes reflect consistently on 
the dynamics of different ion species through the observations found by variable 
temperature solid-state NMR measurements (Figures ‎5.5-‎5.7). The split, well 
resolved Li spectra, over a broad temperature range of phase II indicates two 
distinct well separated different environments for the lithium ion. According to 
the crystallographic observations, the two phases which co-exist appear to have 
quite distinct differences for the solubility of lithium ions to an extent that a quite 
large differences in shielding is observed from the 
7
Li spectra; this is very unusual 
to observe for the 
7
Li nucleus. In addition, the changes in 
19
F spectra observed 
with increasing temperature follow precisely the sequences seen by the 
diffractometry, i.e. the environments for the anions are also well-distinct through 
the phase II temperature region, and become even more complex upon heating the 
sample to through the series of the above mentioned transformations, consistent 
with the DSC traces (Figure ‎5.2).  
The role of the interfacial regions should not be ignored. Specifically, 
considering the different level of lithium ion solubility apparent within the 
microstructural features, the interfacial areas may contain a broader distribution of 
sites and thus create a more heterogeneous environment and hence broader NMR 
peaks for each nucleus probed.  
The solid-state NMR measurements were limited up to 90°C, just before full 
transformation to phase I, and therefore, we could not obtain further information 
regarding the ion dynamics for this material in a homogeneous phase I state. 
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5.3.2 Incorporation of PAMPSLi fibres within pure [C2mpyr][BF4]  
 Structural behaviour 5.3.2.1
It appears that the PAMPSli fibre composite improves the ion conductivity 
of the pure OIPC with a similar mechanism described for the PVDF composites, 
based on the evidences found in the diffraction patterns. Specifically, the shifts in 
position of the peaks in diffraction patterns as well as their broadening are an 
indication of strain induction in the lattice, disorder formation along the interfacial 
areas and grain refinement (Figures ‎5.9, ‎5.10, 4.8, 4.9 b), which can all lead to 
increased defects and higher conductivity. 
However, there the shift of transitions found in the DSC trace of the 
PAMPSLi composite is different to the PVDF composite for both low and high 
temperature transitions (Figures ‎5.8 and 4.4). Apparently, the presence of charged 
sulfonyl groups and associated Li ions affects the nucleation of phases and thus 
the phase transition temperatures, by very different mechanisms for the low 
temperature transitions compared to the high temperature ones. The charged 
polymer appears to facilitate nucleation of low temperature phases (having low 
symmetry in crystalline structure), which results in the observed shift of the onset 
of those transitions to lower temperatures, presumably due to low diffusivity at 
those temperatures. The strain or orientation induced by the fibres seems to also 
facilitate overcoming the energy barrier for the transformations by providing the 
possibility of higher dynamics in the composite, or by introducing alternative 
nucleation sites at lower temperatures. Whereas, at higher temperatures with 
higher dynamics and facile diffusion opportunities in the system, the charged sites 
may actually play a retarding effect in creating a higher symmetry required for the 
phase transformation from II to I (to the high symmetry cubic phase) and the 
strain induced mechanism would not be as effective as it was at lower 
temperatures due to the already higher diffusivities. As a result, the onset of the 
transition is shifted in both DSC & conductivity traces to higher temperatures 
(Figures ‎5.8 and ‎5.10), which is different in PVDF composite (Figure ‎4.4). Also, 
the different chemical architecture of the fibre compared with PVDF (chemical 
structure, Figures ‎5.1 and 4.1), may lead to more significant interactions with the 
charged side chains of these fibres, which may affect the phase transitions. 
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 Ion dynamics 5.3.2.2
The decreased 
1
H and 
19
F NMR spectra line widths upon transformation 
from phase II to I indicates an increased overall ion dynamics in phase I for both 
the cation and anion throughout the bulk OIPC within the composite, compared to 
phase II (Figures ‎5.11 and ‎5.12). This is reflected in the conductivity trace by a 
step rise at the phase transition (Figure ‎5.10), which was not observed in the case 
of the PVDF composite, which instead exhibited a steady increase in conductivity 
(Figure ‎4.9 b). The narrow component initiation from the broad 
1
H spectra 
suggests activation of a mobile component within the cation structure in the 
presence of PAMPSLi fibres with relatively high mobility compared to the rigid 
matrix, which appears to be the main cause of the improvement observed in 
conductivity compared to the neat OIPC (Figure ‎5.11). The observation is similar 
to the PVDF composite; thus the existence of narrow peak superimposed on the 
broad peak (for both PVDF and PAMPSLi composites) supports the notion of an 
active mobile component at the fibre/OIPC interface. The asymmetric 
19
F spectra 
and the multiple but broadened resonances observed in the spectra for phase I 
suggest environmental heterogeneity for the BF4 anion in the PAMPSLi composite 
in this phase (Figure ‎5.12). Furthermore, this appears to restrict the overall 
mobility of the ionic species in the system; with a relatively smaller enhancement 
in conductivity in phase I compared to phase II (Figure ‎5.10). 
5.3.3 Incorporation of PAMPSLi fibres within Li-doped [C2mpyr][BF4]  
 Structural behaviour 5.3.3.1
The broad background observed in phase IV" of the Li-doped OIPC 
composites suggests a partial amorphous phase is present at very low 
temperatures. The peaks on top of the broad background also indicate that the rest 
of the material has crystallized with very small grain size, possibly at a nano-
scale, in this phase. This observation suggests that the suppressed phase IV to III 
transition in the DSC trace corresponds to only a small fraction of the OIPC which 
as able to crystallize in phase IV in small domains. However, it appears that with 
an increase in temperature, this small size grain structure along with the 
amorphous component, transform to a fully crystalline structure through the phase 
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III to II transition (Figure ‎5.14 b and Table ‎5.3). Therefore, a larger enthalpy 
change occurs during phase III to II transitions in the composites compared to the 
neat Li-doped OIPCs (Figures ‎5.13 a and b). These factors, along with the charged 
structure of the PAMPSLi fibres, appears to result in the presence of monoclinic 
phase in addition to the trigonal structure in the phase II region (which was not the 
case for PVDF composites), but at a lower overall content compared to the neat 
Li-doped OIPCs (Figure ‎5.14 b). The presence of a second phase with different 
lithium ion solubility to the matrix dramatically affected ion transport with a 
similar retarding mechanisms as was described for the Li-doped OIPC in the 
previous chapter, i.e. creating non-homogeneous environment for the ion 
conduction, blocking diffusion paths such as grain boundaries by the secondary 
phases and consumption of a portion of charge carriers in the system for 
secondary phase formation instead of being present as free conducting species. As 
a result, the ion conductivity shows a decreasing trend in phase II (Figure ‎5.16), 
which was not the case in Li-doped OIPC PVDF composites. 
 Ion dynamics 5.3.3.2
 The presence of a secondary phase within the Li-doped OIPC matrix of the 
PAMPSLi composites has a blocking effect on ion diffusion as well as consuming 
some part of the Li ions, thus preventing their contribution to ion transport within 
the primary matrix of the OIPC. As a result, the expected increase in ion 
conduction was not observed in the PAMPSLi composite (Figure ‎5.15). 
The existence of the secondary phase can be due to the lower mechanical 
robustness of the PAMPSLi fibres compared to the PVDF, supporting less 
efficient for introducing interfacial strain, identified as a mechanism preventing 
secondary phase nucleation in the Li-doped OIPC/ PVDF system. In addition, the 
greater diameter of the PAMPSLi fibres (700 nm, versus 200 nm for the PVDF 
fibres) having greater surface areas, but in the meanwhile affect smaller volume of 
the matrix OIPC by these fibres compared to the PVDF fibres. Therefore, makes it 
less effective in suppressing formation of the secondary phase through the strain-
induced mechanism. 
Besides these physical aspects, the ionic nature of the fibres may favor 
segregation of the alloying elements (local concentration gradient of the lithium 
ions), facilitating the formation of the secondary phase.  
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The multiphase nature of the 20% Li-doped composite upon transitions 
introduces further complexity to the system, affecting the ion mobility and 
conduction in these 20 mol % Li-doped PAMPSLi composites (Figure ‎5.19). 
Any given transformation requires sufficient dynamics in the system to 
allow a required level of diffusion within the crystalline structure for the re-
arrangements of the species to orientate in a new crystalline phase in an 
equilibrium state (in diffusion controlled transformations) 
107
. There would be a 
balance between the thermodynamic driving forces (ΔG) against kinetics of a 
transformation based on molecular dynamics in the system at a given temperature.  
According to the observation found in Figure ‎5.20, the high degree of 
undercooling, ΔT for recrystallization of phase II from the phase I structure in 
cooling of the pure OIPC composite indicates that the pure system is very prone to 
be controlled kinetically with small degree of change in conditions, such as 
addition of lithium ions (Figures ‎5.20, ‎5.22 a and Table ‎5.5).  
Therefore, as expected, lithium-doping introduces greater decrease in the 
transition temperature (greater ΔT) in 10 mol% Li-doped composite, because of 
the need for greater driving force for diffusion of the dissolved lithium ions away 
from the nucleus through a concentration gradient nearby the growing particle. 
This means slowing down the kinetic of the transformation that will require bigger 
driving force (ΔG), and thus greater ΔT (as per equation 5.1). Thus it seems that, 
with 10 mol%Li-doping, the system sufficiently active enough to provide 
dynamically the required degree of diffusion for the re-crystallization process, as 
the whole microstructure is able to re-crystallize thoroughly to the equilibrium 
state trigonal lattice system over a broad transition temperature found via DSC 
trace and diffraction patterns (The whole system is in trigonal system at 27°C, but 
still contains cubic phase at 50°C, Figures ‎5.20, ‎5.22 b, Table ‎5.5). 
With further increase in lithium salt concentration to 20 mol%, the re-
crystallization occurs from cubic to trigonal system, with including a third phase 
having a lattice system other than found for the pure and 10 mol% system 
(orthorhombic, Figure ‎5.22 c and Table ‎5.5). This is while the DSC trace does not 
include fully established transition as found for the neat OIPC and other 
composites (Figures ‎5.20, ‎5.22 c). It appears the need for greater driving force 
favors this system to decrease partially the symmetry of the lattice from cubic to 
orthorhombic in a diffusion-less transition (or through similar mechanisms found 
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for diffusional massive transformation occurring in para-equilibrium state)
§§§§
 
119, 
120
, while the majority of the microstructure is being transferred through diffusion-
controlled transformation to the trigonal matrix phase in a similar way to the pure 
and 10 mol% system (Figure ‎5.22 c and Table ‎5.5). Therefore, this system reveals 
different interesting dynamical and conduction properties to the others through 
temperature scans (Figures ‎5.22-‎5.29). The composite retains the highly 
dynamical state achieved at heated scans, even at the lowest temperature cooled 
from (Figures ‎5.28 c, ‎5.29 c and ‎5.29 b), which is not the case for the other 
composites.  
5.4 Summary 
This chapter reported the influence of higher LiBF4 salt content on the 
structure and dynamics of the [C2mpyr][BF4] OIPC both in the absence and 
presence of fibres. It also compared and contrasted the effect of using a charged 
PAMPSLi fibre support instead of a PVDF, showing the importance of the 
chemistry of the fibre on the phase behaviour as well as conductivity.  Finally, the 
influence of thermal history on these complex systems was also investigated 
showing that annealing of the higher LiBF4 content samples could lead to 
preserving highly dynamic system achieved at the annealed temperature after 
decreasing temperature down to the cold temperatures where rigid dynamic 
expected instead. It was found that microstructural features significantly altered 
by increasing lithium salt content within the OIPC and also by incorporation of 
fibres. The improvement in conductivity could just be achieved in pure OIPC 
system with similar mechanisms found in PVDF composite system. Unlike the 
PVDF system, the secondary phase remains within the microstructure of the 
lithium-doped OIPC PAMPSLi fibre composite system, avoiding rising in 
conductivity.    
                                                 
§§§§
 The transition found in minor phase appears to also have characteristic similar to the 
one found in massive transformations, common to be abbreviated as MT. Through a massive 
transformation which occurs in para-equilibrium state, nucleation and growth still take place by 
diffusion-controlled process. However, the transformation changes the structure whilst keeping the 
composition the same as the initial matrix phase. This might be the case in the 20 mol% Li-doped 
system in both neat and composite form, while the fibres affect the transformation kinetics.  The 
MT in alloys can form similar above mentioned features within the microstructure, at interfaces 
and grain boundaries, in particular if it occurs partially within the parent host phase. 
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 Chapter 6
Triethylmethylphosphonium cation based 
OIPC/PVDF nanofibre composites 
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6.1  Overview 
In the previous studies the OIPC N-ethyl, N-methyl pyrrolidinium 
tetrafluoroborate, [C2mpyr][BF4], a quaternary ammonium based OIPC was 
employed. Promising observations were reported in the previous chapters with 
incorporation of the inert polymer fibres of PVDF nanofibres as well as the ionic 
PAMPSLi nanofibres into both pure and Li-salt added [C2mpyr][BF4] OIPC. 
However, the beneficial effects were probed in temperature ranges in which the 
OIPC exists at low temperature crystalline phases IV, III, II and just the low 
temperature region of phase I, as the OIPC had a high melting point of 275°C. In 
Chapter 4 it was confirmed that the introduction of PVDF nanofibres and the 
induced structural strain and formation of structural defects played a significant 
role in achieving enhanced properties in the fully solid-state low temperature 
crystalline phases. Therefore, a question arises as to whether or not the promising 
properties are just achievable for relatively rigid crystalline structures with low 
ion dynamics in the system. Also, whether or not the promising properties are just 
unique to that specific type of pyrrolidinium cation based OIPC family, or is it 
universal for different families? The aim of current study is to find answers for 
these queries by exploring a totally different RT solid-state OIPC fibre composite 
system with relatively low melting point, i.e., these can also be categorized as 
non-RT ionic liquids. The OIPCs chosen are from phosphonium cation based 
families with relatively small cation size due to the incorporation of substituted 
short methyl and ethyl alkyl chains, abbreviated as [P1222]
+
 cation. Various 
combinations of phosphonium cations with a range of anions were synthesized 
and characterized by Armel et al
81
. The salts described were demonstrated to 
exhibit sufficient fluidity, conductivity, electrochemical and thermal stability, 
promising for various electrochemical applications. Furthermore, deposition and 
stripping of lithium was successfully demonstrated for a selected phosphonium 
NTf2 salt. Amongst the reported salts, several exhibited the thermal transitions 
and solid-state conductivity indicative of OIPC salts. Therefore, this study has 
utilized two examples of the OIPCs from the range of salts reported in their study. 
It has to be mentioned that a range of phosphonium cation based ILs are 
commercially available
121
,  as well as a number of others that were reported in 
research studies, in some cases, high viscosity and the resultant low conductivities 
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for large size cations have been reported as limiting factors for their development 
into device applications
122
. In the current work triethyl(methyl)phosphonium 
[P1222]
+
 cation with combination of the bis(fluorosulfonyl)imide [FSI]
‎–‎ 
as well as 
bis(trifluoromethanesulfonyl)imide [NTf2]
‎–‎
 anions (nomenclature and structures 
are provided in Figure ‎6.1) were selected in order to study the effect of both Li-
salt addition as well as PVDF nanofibre incorporation. A low degree of ion 
pairing and aggregation were found for the ILs made up of these anions because 
of the delocalized negative charge along the anion chemical structure caused by 
CF3 and F groups in [NTf2]
‎–‎ 
and [FSI]
‎–‎
, respectively, which was reported to 
reduce the degree of the interactions with the cation
123
. The relative small size of 
the [FSI]
‎–‎ 
anion was described to cause even lower viscosity and higher 
conductivity in ILs
124
.   
Figure ‎6.1 shows the chemical structure of the triethyl(methyl)phosphonium 
bis (fluorosulfonyl)imide, [P1222][FSI] and triethyl(methyl)phosphonium bis 
(trifluoromethanesulfonyl)imide, [P1222][NTf2] OIPCs. Despite the investigations 
of the pure OIPCs, LiFSI and LiNTf2 salts addition were also carried out and the 
properties of the Li-doped OIPCs were examined.  
PVDF nanofibres with the same chemical structure and preparation 
procedures described in previous chapters were incorporated within the OIPCs for 
composite membrane fabrication. The fibre addition significantly improved the 
mechanical properties, of the OIPCs in particular for [P1222][FSI], which when Li-
doped had almost zero strength at room temperature to be served as self-standing 
material. The [P1222][NTf2]/PVDF composite exhibited the best appearance, 
deformability and flexibility aspect among all of the systems studied. 
 Figure ‎6.2 illustrates SEM micrographs of the [P1222][FSI]/PVDF 
composite having 80 wt.% OIPC loading. 
Thermal and conduction properties of the OIPCs in pure and Li-doped states 
were investigated as well as the samples with incorporated PVDF nanofibres. 
Crystalline structural changes have been investigated in the different phases using 
synchrotron X-ray diffraction. Ion dynamics in the systems were probed using 
VT-solid-state 
1
H, 
31
P, 
19
F and 
7
Li NMR measurements. 
It should be mentioned that another reason for considering the investigation 
of the [NTf2] containing OIPC is because of previous reports of ceramic 
nanoparticle fillers in pyrrolidinium [NTf2] based OIPC composites which were 
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indicated to be susceptible to strain introduction resulting in conductivity 
enhancement
70
. Also, because of the higher melting point of the [P1222][NTf2] 
compared to the [FSI] containing OIPC, it is an intermediate material in between 
the [C2mpyr][BF4] OIPC of the previous chapters and the low melting point 
[P1222][FSI] OIPC in the aspect of phase I temperature region. 
  
Figure ‎6.1. Chemical structure of the OIPCs. 
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Figure ‎6.2. SEM micrographs of [P1222][FSI]/PVDF nanofibre composite. 
6.2 Results  
6.2.1 Pure OIPCs 
 Phase behaviour and crystalline structure 6.2.1.1
Figure ‎6.3 compares DSC thermal traces for the pure [P1222][FSI] and 
[P1222][NTf2]. Similar traces were obtained to those reported by Armel et al
81
. 
Both OIPCs exhibit well-defined sharp transitions (from phase II to I) and fusion 
peaks. Both phase II to I transitions and the fusion peaks are shifted to higher 
temperatures in [P1222][NTf2] compared to [P1222][FSI]. Different features were 
also observed in their thermal traces. A plateau is evident after the transformation 
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from phase II in [P1222][FSI] which is absent in [P1222][NTf2]. The nature of the 
transition was studied in detail by Jin et al
49
. A summary of their findings will be 
described in the following discussion section. A small peak is present in the trace 
of [P1222][NTf2] just before melting, which is not the case for the [P1222][FSI]. The 
thermal parameters calculated from the traces are presented in Table ‎6.1. 
According to the reported enthalpy values, both OIPCs require almost the same 
amount of thermal energy for their solid-solid phase transformation from phase II 
to I. The fusion enthalpy is slightly lower for the [P1222][NTf2] OIPC. 
 
Figure ‎6.3. DSC thermal traces of pure [P1222][FSI] and [P1222][NTf2]. 
Table ‎6.1. Thermal parameters for pure [P1222][FSI] and [P1222][NTf2] 
extracted from the DSC traces. 
 
TII>I (°C) ± 0.5 HII>I 
(Jg
–1
) ± 
0.2 
Tx 
(°C) 
± 0.5 
Tf  (°C) ± 0.5 Hf 
(Jg
–1
) ± 
0.2 Tonset Tpeak Tend Tonset Tpeak Tend 
[P1222][FSI]  – 57.8  – 56.5  – 55.2 20.3  – 33.9 44.7 45.8 47.2 24.6 
[P1222][NTf2] 24.3 25.1 26.4 20.8 87.9 100.7 102.4 103.8 18.9 
Figure ‎6.4 compares the X-ray diffraction patterns of the pure [P1222][FSI] 
and [P1222][NTf2] in phase II and I. It is obvious from the patterns, as well as the 
extracted lattice parameters presented in Table ‎6.2, that both OIPCs are fully 
crystalline in their low and high temperature phases. However, the same cation in 
combination with different anions crystallises in totally different lattice systems. 
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At the same measurement temperature of 10°C, the same cation with [NTf2]
‎–‎
 
forms a lattice with less symmetry compared to the [FSI]‎
–‎ containing OIPC. 
Furthermore, whilst the [FSI]‎
–‎ containing salt crystallizes in a totally different 
system after the solid-solid phase transformation, the [NTf2]
‎–‎ containing salt stays 
in the same lattice system but occupies a different space group (Table ‎6.2). A 
minor phase with triclinic structure was also observed in phase II of this system 
(the same system as phase II of the [P1222][FSI]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
2
0
8
 
Table ‎6.2. Lattice parameters of the pure OIPCs. 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
[P1222][FSI] 
 – 80 II Triclinic P1(1) 7.9742(2) 8.0169(2) 26.5486(7) 98.5695(9) 100.4904(8) 60.070(1)  
0 I Orthorhombic Ccc2(37) 14.0707(3) 7.7905(2) 13.9917(3) 90 90 90 1533.74(2) 
10 I Orthorhombic 
Ccc2 
(37) 
14.0959(2) 7.7925(2) 14.0374(3) 90 90 90 1541.90(2) 
[P1222][NTf2] 
10 II 
Minor triclinic 
phase 
P1(1) 8.584(2) 20.991(3) 15.57(2) 137.785(9) 92.29(2) 88.29(2) 
 
1883.6(6) 
 
10 II monoclinic P21 11.7732(2) 11.5451(2) 13.7427(2) 90 104.0417(6) 90 1812.13(5) 
40 I monoclinic P2 (3) 15.5534(4) 14.2814(4) 8.6337(2) 90 92.157 90 1916.38(2) 
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Figure ‎6.4. Synchrotron XRD patterns for pure [P1222][FSI] and [P1222][NTf2] 
in phases II and I. 
 Ionic conductivity and ion dynamics 6.2.1.2
Figure ‎6.5 compares ion conductivity behaviours of the pure [P1222][FSI] 
and [P1222][NTf2] OIPCs. The [P1222][FSI] at all overlapping temperatures exhibits 
higher conductivity values compared to the [P1222][NTf2] OIPC. In general, for the 
more widely studied IL systems based on these anions, [FSI]‎
–‎ containing salts 
were reported to exhibit higher conductivity compared to [NTf2]
‎–‎ containing 
RTILs due to the lower viscosity observed in their liquid state
125, 126
. However, it 
seems no detailed studies have been reported which investigate the difference in 
the solid-state behaviours of OIPCs of these two anions with a common cation.  
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Figure ‎6.5. Ion conductivity plots for the pure [P1222][FSI] and [P1222][NTf2]. 
Figure ‎6.6 presents variable temperature 
31
P,
 1
H and 
19
F spectra for the pure 
[P1222][FSI] during the fusion of the salt, scanning from intermediate 
temperatures in phase I. The spectra acquired for solid-solid transition 
temperature regions can be found in Jin et al.
49
 and their findings will be 
summarised in the discussions section of this chapter.  
The 
31
P spectrum contains a single broad component at ‎–‎20°C in phase I, 
showing slight narrowing upon increasing temperature. A narrow line initiates 
during heating which grows from around 45°C and becomes the single dominant 
component in the liquid state (Figure ‎6.6 a). 
The 
1
H spectrum consists of 2 broad components at ‎–‎20°C in phase I, the 
narrow component replaces the whole spectrum as temperature is increased 
(Figure ‎6.6 b). A series of narrow lines are evident on top of the spectra at all 
temperatures which become dominant towards melting and remain the only 
component of the spectra in the liquid state. These seem to initially consist of 4 
individual narrow lines in the solid state, one of which disappears from the spectra 
during fusion of the salt, leaving a triplet of narrow lines in the liquid state spectra 
(insets in the Figure ‎6.6 b). 
The solid-state 
19
F spectra contain 3 individual anisotropic broad lines 
having different intensities, including a narrow line on top of the middle peak 
(Figure ‎6.6 c). The broad lines gradually decrease in intensity with increasing 
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temperature and completely disappear in the liquid state with a single sharp 
narrow line remaining in the spectrum. 
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Figure ‎6.6. VT-static 
31
P (a), 
1
H (b) and 
19
F (c) NMR spectra of [P1222][FSI]. 
 
Figure ‎6.7 presents variable temperature 
31
P,
 1
H and 
19
F spectra for pure 
[P1222][NTf2], scanning from phase II to I. 
All nuclei reveal a single broad component in their spectra for both 
phase II and I, exhibiting slight narrowing with increasing temperature 
from ‎–‎15°C in phase II to 40°C in phase I (Figure ‎6.7 a-c). 
Figure ‎6.8 compares the 
31
P,
 1
H and 
19
F spectra of  [P1222][FSI] and 
[P1222][NTf2] at 40°C, while both OIPCs are in solid-state phase I, indicating how 
the nuclei within the same cation structure, [P1222]
+
, behave in the presence of 
different anions, [FSI] and [NTf2]. 
The 
31
P spectra are almost the same shape for both compounds (Figure ‎6.8 
a), with a slightly broader line for the [P1222][NTf2]. Also, the spectrum for the 
[P1222][FSI] appears to include a second narrow component, while [P1222][NTf2] 
exhibits a single component. 
The 
1
H spectra are distinct from one another (Figure ‎6.8 b). The spectrum 
for the [P1222][NTf2] contains a single broad component, while the [P1222][FSI] 
also displays narrow lines on top of the broad spectrum at the same measurement 
temperature. The spectrum for [P1222][NTf2] is narrower compared to the spectrum 
for the [P1222][FSI]. 
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Figure ‎6.7. VT-static 
31
P (a), 
1
H (b) and 
19
F (c) NMR spectra of [P1222][NTf2]. 
 
The 
19
F spectra are different owing to the different chemical structure of the 
anions (Figure ‎6.8 c). The [FSI]
–
 anion causes a greater shift in the position of the 
spectrum towards more positive values. Furthermore, the spectrum for the [FSI]
–
 
consists of multiple components with anisotropy including a narrow feature, 
which is not the case for [NTf2]
–
 having a single broad symmetric spectrum. 
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Figure ‎6.8. Comparison between static 
31
P (a), 
1
H (b) and 
19
F (c) NMR 
spectrum of [P1222][FSI] and [P1222][NTf2] at 313 K (40°C), in 
phase I. 
 215 
 
6.2.2 Lithium salt addition into the OIPCs 
 Changes in phase behaviour and crystalline structure  6.2.2.1
Lithium salt addition was performed for [P1222][FSI] with LiFSI salt 
concentrations varying from 1 mol% up to 10 mol% (1, 2, 4, 10 mol% LiFSI). 
According to the observations from DSC thermal traces (Figure ‎6.9), further 
detailed characterization was undertaken for the 4 mol% Li-doped samples and 
the PVDF composites because at higher concentrations the fusion peak was 
spread over a broad temperature range. Also, with just 4 mol% Li-doping, a 
remarkable improvement in ion conductivity was achievable in the system. For 
comparison, the LiNTf2 concentration was also kept at 4 mol% for the 
[P1222][NTf2] OIPC. Table ‎6.3 summarizes the calculated thermal parameters from 
the traces. 
Whilst there appears to be almost no change in the solid-solid phase 
transition temperatures of the [P1222][FSI] with Li addition, a decrease in the 
enthalpy of the transition occurred, which decreased further with increasing salt 
concentration  (Figure ‎6.9 a and Table ‎6.3). There are significant changes in the 
fusion peak which exhibits a shift towards lower temperatures, with a substantial 
loss of sharpness and a decrease in the enthalpy of fusion.  
Substantial changes were observed in the thermal trace of the [P1222][NTf2] 
with Li-salt addition (Figure ‎6.9 b). While almost no change was observed in the 
position of the solid-solid transformation, there was a decrease in the fusion 
temperature. Unlike the increased enthalpy of the solid-solid transition, there was 
a significant decrease in the enthalpy of fusion with a loss of the sharpness in the 
shape of the fusion peak. An additional peak also appeared just after the phase II 
to I transition. This observation suggests a typical eutectic transformation might 
occur in this Li-doped system. A more detailed investigation of the altered 
compositions to confirm this was beyond the scope of this study.  
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Figure ‎6.9. DSC thermal traces of the pure and Li-doped [P1222][FSI] (a) and 
[P1222][NTf2] (b). 
 
  
 
2
1
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Table ‎6.3. Thermal parameters for the Li-doped [P1222][FSI] and [P1222][NTf2] extracted from the DSC traces. 
 TII>I (°C) ± 0.5 HII>I (Jg
–1
) 
± 0.2 
Tx (°C) ± 
0.5 
Tf  (°C) ± 0.5 Hf (Jg
–1
) ± 
0.2 Tonset Tpeak Tend Tonset Tpeak Tend 
[P1222][FSI]  – 57.8  – 56.5  – 55.2 20.3  – 33.9 44.7 45.8 47.2 24.6 
2 mol%Li+[P1222][FSI]  – 57.5  – 56.7  – 55.4 16.1  – 33.8 34.6 43.1 44.0 16.9 
4 mol%Li+[P1222][FSI]  – 57.5  – 56.5  – 55.3 14.8  – 33.7 30.7 40.5 42.3 16.7 
[P1222][NTf2] 24.3 25.1 26.4 20.9 87.9 100.7 102.4 103.8 19.0 
4 mol%Li+[P1222][NTf2] 24.5 24.9 25.8 23.2 87.9 87.3 95.3 101.2 7.3 
 
 
 
 
 
 218 
 
 
The diffraction patterns acquired for Li-doped [P1222][FSI] and [P1222][NTf2] 
are compared with the patterns of the pure OIPCs in Figure ‎6.10. The lattice 
parameters are also compared in Table ‎6.4.  
According to Figure ‎6.10 a, the 4 mol% LiFSI system crystallizes in the 
same system as the neat [P1222][FSI] in both phase II and I. There is a shift in peak 
positions to higher diffraction angles in Li-doped [P1222][FSI] in both crystalline 
phases. With smaller unit cell volume reported for the Li-doped system in 
Table ‎6.4, likely due to contraction caused by the replacement of smaller size Li
+ 
compared to the
 
[P1222]
+
 cations. 
The [P1222][NTf2] OIPC behaves differently to the [P1222][FSI] with 4 mol% 
Li-salt addition (Figure ‎6.10 b). Diffraction patterns for the Li-doped [P1222][NTf2] 
sample include additional peaks indicating that there is an additional secondary 
phase in this sample (arrows shown in Figure ‎6.10 b). Analysis results show that 
both the matrix and secondary phase have the same monoclinic crystal structure 
(Table ‎6.4). However, the secondary phase does not exist in phase I. The shift in 
peak positions observed in the FSI system was not seen in this system. 
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Table ‎6.4.  Lattice parameters of the Li-doped [P1222][FSI] and [P1222][NTf2]. 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c  
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
[P1222][FSI] 
 – 80 II Triclinic P1(1) 7.9742(2) 8.0169(2) 26.5486(7) 98.57 100.49 60.07  
10 I Orthorhombic Ccc2 (37) 14.0959(2) 7.7925(2) 14.0374(3)    1541.9 
4 mol%LiFSI+ 
[P1222][FSI] 
 – 80 II Triclinic P1(1) 7.8111(7) 7.9942(6) 13.744(1) 91.93 93.94 60.82 747.5 
10 I Orthorhombic Ccc2 (37) 14.0516(4) 7.7942(3) 14.0007(5)    1533.4 
[P1222][NTf2] 
10 II 
Triclinic 
minor phase 
P1(1) 8.584(2) 20.991(3) 15.57(2) 
137.785
(9) 
92.29(2) 88.29(2) 
1883.6 
 
10 II monoclinic P21 11.7732(2) 11.5451(2) 13.7427(2)  104.0417(6)  1812.1 
40 I monoclinic P2 (3) 15.5534(4) 14.2814(4) 8.6337(2)  92.157  1916.4 
4 mol%LiNTf2+ 
[P1222][NTf2] 
10 II monoclinic P21 11.7726(2) 11.5456(1) 13.7441(2)  104.0449(5) 90.04(1) 1812.3 
10 II monoclinic P21 11.8542(9) 10.948(1) 11.5215(5)  68.324(4)  1389.5 
40 I monoclinic P2(3) 15.5521(6) 14.2813(5) 8.6322(3)  92.158(1)  1915.9 
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Figure ‎6.10. Comparison between synchrotron XRD patterns of the pure and 
lithium-doped [P1222][FSI] (a) and [P1222][NTf2] (b) in phases II 
and I. 
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 Changes in ionic conductivity and ion dynamics 6.2.2.2
Figure ‎6.11 compares the ionic conductivity of the pure and Li-doped 
OIPCs. 
 A significant improvement, about 2-3 orders of magnitude, was observed 
with just 2 mol% LiFSI addition to [P1222][FSI] (Figure ‎6.11 a). Further increase 
in conductivity was achieved with increasing the salt concentration to 4 mol%, in 
total, resulting in 4-5 orders of magnitude increase compared to the neat OIPC.  
A relatively smaller degree of improvement in conductivity was observed 
for [P1222][NTf2], compared to the FSI OIPC, with the same concentration of Li 
salt addition (Figure ‎6.11 b), 2-3 orders of magnitude increase in conductivity for 
the [P1222][NTf2] with 4 mol% LiNTf2 addition. This amount of increase was 
achieved for the [P1222][FSI] with just 2 mol% Li-salt addition (Figure ‎6.11 a). 
The conductivity plot also exhibits a smaller slope in phase I compared to phase II 
for both pure and Li-doped [P1222][NTf2] (Figure ‎6.11 b). 
 Comparison of Figure ‎6.5 and Figure ‎6.11 c indicates substantial 
differences in the effect of Li addition on conductivity, indicating that the FSI 
system exhibits a greater tendency for increased conductivity compared to the 
NTf2 system with the same level of Li-salt addition. 
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Figure ‎6.11. Ionic conductivity of the pure and Li-doped [P1222][FSI] (a) and 
[P1222][NTf2] (b) and the comparison between the 4 mol% Li-
doped systems (c). 
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Figure ‎6.12 presents VT static 
1
H, 
19
F and 
7
Li NMR spectra of the 4 mol% 
lithium-doped [P1222][FSI].  
The 
1
H spectra acquired for [P1222][FSI] have a broad shape at low 
temperatures in phase II. A second component appears in the spectra with 
increasing temperature towards phase I, which has a narrower line width 
(Figure ‎6.12 a). Both components narrow with increasing temperature in phase I. 
At ‎–‎20°C, a temperature just after the plateau in the DSC trace (Figure ‎6.9 a), the 
narrow segment gains substantial intensity compared to the broad background, 
changing the shape of the spectrum into identical broad and narrow lines. The 
broad component loses intensity with increasing temperature towards the fusion 
temperature of 40°C with complete transformation to the narrow line above this 
temperature. The inset in the figure indicates that the narrow part consists of 3 
individual lines. 
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Figure ‎6.12. VT static 
1
H (a) , 
19
F (b) and 
7
Li (c) NMR spectra of 4 mol% Li-
doped [P1222][FSI]. 
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The 
19
F spectra acquired for [P1222][FSI] contain at least 3 major broad 
lines at low temperatures of phase II and I (Figure ‎6.6 c). The broad lines 
disappear with increasing the temperature, leaving just one, relatively broad line 
along with an emerging narrow line towards phase I. The narrow line remains the 
only feature within the spectrum after fusion of the salt. 
Figure ‎6.13 compares the static 
1
H and 
19
F NMR spectra of the pure and Li-
doped [P1222][FSI] at intermediate temperature of phase I (20°C). The narrow 
component of the 
1
H spectrum contributes a higher proportion of the resonance in 
the Li-doped OIPC compared to the neat OIPC (Figure ‎6.13 a). The change in the 
19
F spectrum is more significant, having a very suppressed broad component in 
the Li-doped system and containing a sharp narrow line below the temperature of 
this feature for the pure spectrum (Figure ‎6.13 b).  
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Figure ‎6.13. Comparison between static 
1
H (a) and 
19
F (b) NMR spectrum of 
pure and Li-doped [P1222][FSI] at 293K (20°C), in phase I. 
 
Figure ‎6.14 presents VT static 
1
H and 
19
F NMR spectra of the 4 mol% 
lithium-doped [P1222][NTf2]. 
Unlike the observation found for the neat [P1222][NTf2], exhibiting no 
change in the shape of all probed nuclei and slight narrowing upon phase 
transformation from II to I (Figure ‎6.7 a-c), the heating of the Li-doped 
[P1222][NTf2] exhibits an emerging narrow component in the spectrum of 
both nuclei towards transition from phase II to I (Figure ‎6.14 a and b).  
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Figure ‎6.14. VT static 
1
H (a), 
19
F (b) and 
7
Li (c) NMR spectra of 4 mol%Li-
doped [P1222][NTf2]. 
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Figure ‎6.15 compares the static 
1
H and 
19
F NMR spectra of the pure and Li-
doped [P1222][NTf2] in phase I, at 40°C. 
Almost half of the broad line of the 
1
H spectrum in neat OIPC was replaced 
by narrow component upon just 4 mol%Li-doping (Figure ‎6.15 a). Similar effect 
in more pronounced proportion was observed for the
19
F spectrum, except the 
spectrum for the neat OIPC was already consisting of 2 components but with 
much broader line widths for both components (Figure ‎6.15 b). 
 
Figure ‎6.15. Comparison between static 
1
H (a) and 
19
F (b) NMR spectrum of 
the pure and Li-doped [P1222][NTf2] at 313 K (40°C), in phase I. 
Figure ‎6.16 compares the static 
1
H and 
19
F NMR spectra of the Li-doped 
[P1222][FSI] and [P1222][NTf2] at 40°C. Comparison at this temperature needs to 
consider that the FSI salt is almost in the liquid state at this temperature. However, 
it is interesting that it depicts the role of the anion chemical structure in the 
physical behaviour of the salt at the same level of Li addition. Whilst the 
1
H 
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spectra of the neat OIPCs exhibit similar broad lines (Figure ‎6.8 b), 4 mol% Li-
salt doping introduces significant changes in their spectra. The significant portion 
of the Li-doped [P1222][NTf2] consists of a broad component and the narrow part 
is still much broader than the spectrum acquired for the Li-doped [P1222][FSI], 
which consists entirely of narrow lines (Figure ‎6.16 a). Comparison of the 
19
F 
spectra shows similar effects (Figure ‎6.16 b and Figure ‎6.8 c). 
 
Figure ‎6.16. Comparison between static 
1
H (a) and 
19
F (b) NMR spectrum of 
Li-doped [P1222][FSI] and [P1222][NTf2] at 313 K (40°C). 
6.2.3 Incorporation of PVDF electrospun fibres within the OIPCs  
 Phase behaviour  6.2.3.1
The incorporation of the fibres has only minor effects on the DSC traces of 
the pure OIPCs, exhibiting a slight decrease in the enthalpy of transitions and also 
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shifts in the onset and ending temperatures leading to a broader temperature range 
for the transformations but almost no change in the position of the peaks (some 
small shifts to lower temperatures, Figure ‎6.17 a, b and Table ‎6.5).  
 
Figure ‎6.17. DSC thermal traces of the pure [P1222][FSI] and [P1222][NTf2] 
PVDF nanofibre composites. 
While the Li-doped [P1222][FSI]/PVDF composite sample exhibits similar 
trends in transformations to the neat Li-doped [P1222][FSI], there are significant 
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changes in the DSC traces of the Li-doped [P1222][NTf2] with fibres (Figure ‎6.18). 
The additional small peak that appeared as a result of Li-doping just after the 
phase II to I transition disappeared with fibre incorporation. There is some 
similarity in this observation to what was found in the Li-doped 
[C2mpyr][BF4]/PVDF composite, in which the additional peak evident at 80°C 
was suppressed by PVDF fibre addition (Figure 4.2). There is a decrease in 
enthalpy of both solid-solid transitions and the fusion peak after incorporation of 
the fibres (Table ‎6.5). The solid-solid-transition occurred at higher temperature, 
but fusion was shifted to a lower temperature. 
 
 
Figure ‎6.18. DSC thermal traces of the Li-doped [P1222][FSI] and 
[P1222][NTf2] PVDF nanofibre composites. 
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Table ‎6.5. Thermal parameters of the Li-doped [P1222][FSI] and [P1222][NTf2] PVDF composites. 
 
TII>I (°C) ± 0.5 
HII>I (Jg
–1
) ± 
0.2 
TX.  (°C) 
± 0.5  
Tf  (°C) ± 0.5 
Hf (Jg
–1
)  
± 0.2 
Tonset Tpeak Tend   Tonset Tpeak Tend  
[P1222][FSI]  – 57.8  – 56.5  – 55.2 20.4  – 33.9 44.7 45.8 47.2 24.6 
[P1222][FSI]/PVDF  – 62.3  – 55.9  – 53.2 20.0  42.9 46.7 47.9 23.9 
4 mol%Li+[P1222][FSI]  – 57.5  – 56.5  – 55.3 14.8  – 33.7 30.7 40.5 42.3 16.7 
4 mol%Li+[P1222][FSI]/PVDF  – 60.7  – 55.8  – 54.1   – 33.4 32.8 43.5 45.4  
[P1222][NTf2] 24.3 25.1 26.4 20.9 87.9 100.7 102.4 103.8 19.0 
[P1222][NTf2]/PVDF 24.5 25.1 26.4 20.6  98.4 102.2 103.1 18.3 
4 mol%Li+[P1222][NTf2] 24.5 24.9 25.8 23.2 87.9 87.3 95.3 101.2 7.3 
4 mol%Li+[P1222][NTf2]/PVDF 24.8 25.4 26.7 22.9  87.8 95.1 97.7 6.2 
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Diffraction patterns of the composite samples (Figure ‎6.19) show that the 
crystalline structural ordering of the OIPC significantly alters with the different 
anions ([FSI] or [NTf2]
‎–‎)
  
in combination with [P1222]
+
, i.e., while the [P1222][NTf2] 
OIPC crystalline ordering is very susceptible to change with the presence of both 
additives (i.e., Li
+
 ions and PVDF fibres), the [P1222][FSI] OIPC does not exhibit 
any change in structural ordering in the presence of either additive (Figure ‎6.19 a, 
b). 
The [P1222][FSI] OIPC maintains the same lattice systems of triclinic and 
orthorhombic in both binary and ternary systems of the Li-salt added OIPC as 
well as the Li-doped PVDF composite system in both crystalline phases II and I, 
respectively (Table ‎6.6).  
The low temperature crystal structure of the [P1222][NTf2] is highly 
susceptible to alteration with additives. The arrows in Figure ‎6.19 b indicate the 
phase II diffraction patterns of the binary and ternary [P1222][NTf2] systems. The 
behaviour is somewhat similar to the [C2mpyr][BF4] (Chapter 4). The minor phase 
with triclinic lattice system detected in this OIPC changes to a monoclinic lattice 
system in phase II by lithium salt addition and disappears upon PVDF fibres 
incorporation, with a single triclinic lattice system remaining in the Li-doped 
composite (Table ‎6.6), while all of the neat, binary and ternary [P1222][NTf2] 
systems studied crystallize in the same lattice in phase I (monoclinic).  
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Table ‎6.6. Lattice parameters for the pure, Li-doped and PVDF composites of [P1222][FSI] and [P1222][NTf2]. 
Material 
T 
(°C) 
Phase 
Lattice 
system 
Space 
group 
a 
(Å) 
b 
(Å) 
c 
(Å) 
α β γ 
Vunit cell 
(Å
3
) 
[P1222][FSI] 
 – 80 II Triclinic P1(1) 7.9742(2) 8.0169(2) 26.5486(7) 98.57 100.49 60.07  
10 I Orthorhombic Ccc2 (37) 14.0959(2) 7.7925(2) 14.0374(3) 90 90 90 1541.9 
4 mol% 
LiFSI+ 
[P1222][FSI] 
 – 80 II Triclinic P1(1) 7.8111 (7) 7.9942 (6) 13.744 (1) 91.93 93.94 60.82 747.5 
10 I Orthorhombic Ccc2 (37) 14.0516 (4) 7.7942 (3) 14.0007 (5) 90 90 90 1533.4 
4 mol% 
LiFSI+ 
[P1222][FSI] / 
PVDF 
 – 80 II Triclinic P1 (1) 7.826 (3) 8.026 (2) 13.705 (7) 87.17 95.63 119.14 748.3 
10 I Orthorhombic Ccc2 (37) 14.0997 (4) 7.7955 (2) 14.0389 (4) 90 90 90 1543.1 
[P1222][NTf2] 
10 II 
Triclinic minor 
phase 
P-1 8.584(2) 20.991(3) 15.57(2) 
137.785(
9) 
92.29(2) 88.29(2) 
1883.6 
 
10 II monoclinic P21 11.7732(2) 11.5451(2) 13.7427(2) 90 104.0417(6) 90 1812.1 
40 I monoclinic P2 (3) 15.5534 (4) 14.2814 (4) 8.6337 (2) 90 92.157 90 1916.4 
4 mol% 
LiNTf2+ 
[P1222][NTf2] 
10 II monoclinic P21 11.7726(2) 11.5456(1) 13.7441(2) 90 104.0449(5) 90.04(1) 1812.3 
10 II monoclinic P21 11.8542(9) 10.948(1) 11.5215(5) 90 68.324(4) 90 1389.5 
40 I monoclinic P2 (3) 15.5521(6) 14.2813(5) 8.6322(3) 90 92.158(1) 90 1915.9 
4 mol% 
LiNTf2+ 
[P1222][NTf2] / 
PVDF 
10 II Triclinic P-1 8.5829±0.0004 20.996±0.002 15.574±0.002 
137.815
±0.003 
92.258±0.005 88.309±0.005 
1883.2 
 
40 I monoclinic P2 (3) 15.5512 (6) 14.2886 (5) 8.6348 (3) 90 92.162 90 1917.3 
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Figure ‎6.19. Synchrotron XRD patterns of the pure, lithium-doped and PVDF 
composites of [P1222][FSI] (a) and [P1222][NTf2] (b) in phases II 
and I. 
 Ionic conductivity and ion dynamics 6.2.3.2
Figure ‎6.20 a-d compares ion conductivity of the PVDF composites with the 
Li-doped OIPCs.  
In the entire measurement temperature range there is a decrease in 
conductivity of the composite materials compared to the Li-doped OIPCs, by 
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about 2 orders of magnitude (Figure ‎6.20 a-c). However, the conductivity of the 4 
mol% Li-doped [P1222][FSI]/PVDF composite is still higher than the pure 
[P1222][FSI] (Figure ‎6.20 b and Figure ‎6.11 a). This is not the case for the 4 mol% 
Li-doped [P1222][NTf2]/PVDF composite, which reaches almost the same 
conductivity values as the pure [P1222][NTf2] (Figure ‎6.20 c and Figure ‎6.11 b). 
The comparison between the composite conductivity and the pure OIPCs 
indicate that despite the decrease observed in both Li-doped after incorporation of 
the fibres, there was improvement in the FSI system, exhibiting an overall 
increase over NTf2 system in the ternary system (Figure ‎6.5 and Figure ‎6.20 d). 
 
Figure ‎6.20. Comparison between ion conductivity of 2 mol% Li-doped 
[P1222][FSI] and PVDF composite (a), 4 mol% Li-doped 
[P1222][FSI] and PVDF composite (b), 4 mol% Li-doped 
[P1222][NTf2] and PVDF composite (c) and the composites of 
both systems (d). 
Figure ‎6.21 shows VT static 
1
H and 
7
Li NMR spectra of the Li-doped 
[P1222][FSI] with PVDF fibre incorporation. Figure ‎6.22 compares the spectra of 
the composite material at 40°C with pure and Li-doped [P1222][FSI]. 
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The broad line of the 
1
H spectrum in phase II exhibits narrowing at the onset 
temperature of the solid-solid transition, at ‎–‎60 °C. Interestingly, the narrower 
component that grows within the broad pattern initiates not at the phase II to I 
transition but at the end temperature of the step like endothermic feature (plateau) 
following the II to I transition in the DSC trace (Figure ‎6.18 b). This is not the 
case for other OIPCs of [P1222][NTf2] and also [C2mpyr][BF4], in which the 
second narrow segment initiates just around the phase II to I transition 
temperature (Figure ‎6.23 a and figure 4.11d). The narrow segment replaces the 
whole spectrum at temperatures close to the fusion temperature and becomes the 
only feature of the spectrum in the liquid phase. The composite's spectrum is 
broader than the lithium-doped sample at 40°C but much narrower than the pure 
OIPC (Figure ‎6.22 a). Similar observations were found for the 
7
Li spectra of the 
sample (Figure ‎6.21 and Figure ‎6.22 b). The 19F spectra were not acquired for this 
sample. 
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Figure ‎6.21. VT static 
1
H (a) and 
7
Li (b) NMR spectra of 4 mol% Li-doped 
[P1222][FSI]/PVDF. 
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Figure ‎6.22. Comparison of the static 
1
H (a) and 
7
Li (b) NMR spectra of 4 
mol%Li-doped [P1222][FSI]/PVDF with other samples at 40°C. 
Unlike the [P1222][FSI] composite sample, the high temperature narrow 
segment of all the 
1
H, 
19
F and 
7
Li spectra for the [P1222][NTf2] composite appears 
at the phase II to I transition. Another difference is the presence of two distinct 
chemical shifts (peaks) overlapped within the spectra of all of the nuclei 
(Figure ‎6.23 a-c). This feature is only exhibited in this composite sample and is 
not present in the pure and lithium doped OIPCs (Figure ‎6.24 a-c). The spectrum 
of the composite is broader compared to the lithium-doped sample but narrower 
than the pure sample. However, the spectra for the composite OIPC still retain the 
narrow segment originating from lithium-doping, though it is broadened, while 
the broad component from the parent pure form of the OIPC is also present 
(Figure ‎6.24 a-b). 
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Figure ‎6.23. VT static 
1
H (a), 
19
F (b) and 
7
Li (c) NMR spectra of 4 mol%Li-
doped [P1222][NTf2]/PVDF. 
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Figure ‎6.24. Comparison of the static 
1
H (a), 
19
F (b), and 
7
Li (c) NMR spectra 
of 4 mol%Li-doped [P1222][NTf2]/PVDF with other samples at 
40°C in phase I. 
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The 
7
Li NMR line-width values are presented in the graphs of Figure ‎6.25. 
Upon incorporation of fibres in the Li-doped [P1222][FSI] sample there is an 
increase in line-width across the whole temperature range (phases II, I and liquid) 
(Figure ‎6.25 a). The degree of increase is less in the liquid state and in phase I 
compared to phase II. Interestingly, in both of the neat and composite samples, 
substantial decrease in line-width is not achieved at the phase II to I transition but 
occurs across the temperature range in which the plateau appears in their DSC 
traces, just after phase II to I transition at around ‎–‎55˚C (Figure ‎6.18 a).  
An interesting similarity was found for the Li-doped [P1222][NTf2] OIPC 
composite and the [C2mpyr][BF4] system, i.e., the 
7
Li line-width values of the 
composite in phase II are lower than the neat Li-doped [P1222][NTf2] OIPC, but 
become larger after transformation to phase I (Figure ‎6.25 b and Figure 4.17). 
However, this is not reflected in the trend observed in the conductivity of the NTf2 
system (Figure ‎6.20 c). The ion conduction is a result of cooperation of all ion 
species, not just Li
+
 ions, and therefore this may reflect an increased Li
+
 ion 
transference number at lower temperatures in this case. The methodology for 
electrochemical determination of transference numbers in OIPCs is currently 
being developed in our labs and can be considered for this system in future 
studies.  
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Figure ‎6.25. Linewidth variation of 
7
Li NMR spectra of the Li-doped 
[P1222][FSI] and [P1222][NTf2] and the PVDF composites. 
6.3 Discussions 
6.3.1 Pure and binary Li-doped systems 
 Phase behaviour 6.3.1.1
The solid-solid transition in triethylmethylphosphonium 
bis(fluorosulfonyl)imide, [P1222][FSI] includes a segment just after the II to I peak 
transition, where there is a steady constant heat flow intake till reaching the 
baseline at about –33°C. According to the diffraction patterns, major crystalline 
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structural changes occur along those coupled endothermic transformations with 
increasing symmetry in the structure from a triclinic to orthorhombic lattice 
system. A detailed study by Jin et al. indicates that the plateau is fully reversible 
and the process attributed to the trace is not kinetically limited as it does not 
exhibit dependency on scan rate
49
. Detailed variable temperature diffraction 
patterns also suggest that the major crystalline change occurs upon peak 
transformation, whilst along the plateau the lattice system remains the same. 
Hence, they suggested progressive development of short range motions across the 
plateau due to a gradual decrease in intensity of the acquired spots in their single 
crystal X-ray diffractometry. Furthermore, they claimed a release of local strain 
from the structure across both peak and plateau transformations based on the 
merging of some spots in the single crystal diffractograms
49
.  
The additional results presented here indicate that there is almost no change 
in the plateau upon lithium doping (Figure ‎6.9). The maintenance of the same 
crystal structure in the FSI system in both phases upon Li-doping suggests that the 
additional Li salts were dissolved in the lattice system of the matrix OIPC as a 
solid solution. Meanwhile, the substantial change in the fusion peak as well as 
decrease in the enthalpy of both solid-solid transitions and fusion peaks suggest 
that the additional lithium ions induce further disorder within the crystal structure, 
which can lead to the existence of a partially amorphous phase as reflected in the 
form of a broad hump in the diffraction pattern (Figure ‎6.10 a). Therefore, it can 
be concluded that the structural observations correlate with the significant 
improvement in conductivity of 4-5 orders of magnitude upon lithium-doping 
(Figure ‎6.11 a). This is not the case for the NTf2 system due to the formation of a 
second phase upon lithium-doping, which exhibits the same lattice system as the 
matrix phase (Figure ‎6.10 b and Table ‎6.4). Therefore, less improvement in ion 
conduction of this OIPC was achieved upon Li-doping compared to the FSI OIPC 
with the 4 mol% Li-salt addition, apparently because a portion of the added 
lithium ions were consumed in the formation of the secondary phase which 
introduced inhomogeneity in the environment for the ion transport. The 
observation resembles the pyrrolidinium tetrafluoroborate system, however in this 
case the nucleated secondary phase has a low symmetry compared to that of the 
lithium-doped pyrrolidinium system (Figure 4.5). The lower symmetry observed 
for the secondary phase (compared to the one in pyrrolidinium system) also 
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explains why, in this case, an improvement in conductivity was achieved, which 
was not the case for the Li-doped pyrrolidinium OIPC. First of all, a relatively 
high fraction of Li-ions might be involved in formation of the highly symmetric 
secondary phase of the Li-doped pyrrolidinium OIPC, therefore a smaller amount 
remains in the matrix to support ion conduction. Secondly, thermodynamically 
there would not be a large difference between the free energy of the NTf2 system, 
whether the Li
+
 ion remains in the matrix or is included in the secondary phase 
which is in the same lattice system as the parent phase, unlike the pyrrolidinium 
system which exhibits high symmetry in the secondary phase. As a result, the 
secondary phase may not be as dominant in the phosphonium NTf2 system 
whereas for the pyrrolidinium system the secondary phase appeared to act as a 
blocking agent for the ion conduction process. Finally, the concentration of the 
added lithium salt is lower than was studied in the pyrrolidinium system. 
Therefore, all of these factors might be the reason why a decrease in ion 
conduction was not observed in phase II compared to the pure OIPC (which was 
the case in the pyrrolidinium system). Similar to the pyrrolidinium system, the 
secondary phase dissolves in the matrix (or can be liquidized) at temperatures 
approaching phase I, which is reflected in the conductivity behaviour. The 
increase in conductivity in the Li-doped NTf2 OIPC improved to a greater degree 
after the phase transformation compared to the pure NTf2 OIPC (Figure ‎6.11 b), 
i.e. the degree of increase in ion conductivity from phase II to I was about an 
order of magnitude higher in the Li-doped system than it was in the pure NTf2 
OIPC. This evidence correlates well with the XRD observations and the 
associated discussion. Additional evidence for this explanation is evident from the 
DSC trace of the NTf2 OIPC upon lithium addition (Figure ‎6.9 b and Table ‎6.3). 
The additional peak found in the DSC trace upon lithium-doping, along with the 
shifts in the peak temperatures, agree well with the idea of precipitation of a 
secondary phase in the system. It is very obvious that this is not the case for the 
FSI system (Figure ‎6.9 a). Again this observation is also similar to the changes 
observed in the DSC traces of the pyrrolidinium system upon Li-doping where an 
additional peak was observed, the dissolution of which coincided with a large 
increase in ionic conductivity (Figure ‎4.4 a). 
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 Ion dynamics 6.3.1.2
The results of the study by Jin et al. suggest very rigid cation and anion 
dynamics in phase II for [P1222][FSI]. The sudden decrease in the static 
31
P, 
1
H and 
19
F NMR spectra line-widths at the solid-solid peak position was attributed to the 
initiation of short-range motions due to plastic phase formation. It was shown that 
throughout the plateau region in the DSC, a gradual continuous decrease in line-
width of the spectra occurred, indicating an overall increase in mobility of the 
species across the plateau
49
. The mobility of the cation continues a gradual 
increase according to the narrowing of the 
31
P spectra shown in Figure ‎6.6 a. High 
diffusive mobility of the cation was finally observed at the fusion temperature, 
consistent with the narrow line in the transition to the melt in Figure ‎6.6 a. 
According to the appearance of the narrow lines observed in the 
1
H spectra, even 
at ‎–‎20°C, the rotational motions of the methyl and ethyl chains of the cation 
initiates at much lower temperatures (split narrow lines in Figure ‎6.6 b). Similar 
observations were also evident for the anion in the 
19
F spectra, with the additional 
feature of peaks with asymmetry in shape (Figure ‎6.6 c). These features were also 
reported for the plateau region as well as at the phase II temperatures in Jin's study 
and were attributed to chemical shift anisotropy (CSA) caused by anisotropic 
spin-spin relaxation originating from different areas of the solid sample such as at 
boundaries, etc., as an indication of rotation and reorientation of the 
19
F  nuclei
49
. 
This anisotropic motion of the anion starts just after the peak transition and 
increases dramatically across the plateau
49
. According to Figure ‎6.6 c, the 
anisotropic motion of the anion continues to exist in phase I as well but disappears 
totally upon fusion to have a highly mobile diffusive isotropic motion in the liquid 
state. Suggested possible short range motions are shown in Figure ‎6.26.  
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Figure ‎6.26. Possible rotational modes of the anion: a) about the N-S bonds, 
b) the whole anion flipping about the S-N-S bonds (Represented 
from Ref. 50). 
Interestingly, such an anisotropy in the motion of the [FSI]‎
–‎ anion does not 
exist for the [NTf2]
‎–‎ anion as the 
19
F spectra obtained for [P1222][NTf2] do not 
include these features, having just a single symmetric component (Figure ‎6.7 c). 
Furthermore, the cation exhibited an overall rigid dynamic (according to the broad 
31
P spectra, Figure ‎6.8 a) as well as immobile alkyl chains (according to the single 
broad 
1
H spectra, Figure ‎6.8 b), which is not the case for the [P1222][FSI]. Hence, 
the [P1222]
+
 cation exhibits overall lower ion conduction and dynamics with the 
[NTf2]
‎–‎ anion compared to the case with the [FSI]‎
–‎ anion (Figure ‎6.5).  
The multiple anisotropic components of the 
19
F spectra acquired for the 
[FSI] OIPC are still evident for the lithium-doped [P1222][FSI] but there is a 
change in relative intensity (Figure ‎6.11 b). This suggests that the proposed modes 
for the rotational motion of the anion remain in the presence of lithium but the 
favorable dominant mode for the anion rotation is altered. However, the dominant 
mode remains the same at the highest temperature solid-state phase of the Li-
doped OIPC prior to fusion. Furthermore, the mobile diffusive phase was present 
at much higher population at very low temperatures in phase I, just after the 
plateau transition, as indicated by comparison of the 
1
H spectra of the Li-doped 
[P1222][FSI] with the pure OIPC (Figure ‎6.22 a). This suggests the presence of a 
liquid or liquid-like disordered solid phase at low temperatures in phase I. A 
substantial increase in the amount of this phase was indicated by the 
19
F spectra, 
which is also consistent with the XRD observations and discussion in the phase 
behaviour section (section 6.3.1.1). Therefore, it can be concluded that the 
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substantial increase in the ion conduction properties of the [P1222][FSI] that is 
observed upon lithium-doping is due to the formation of a highly mobile liquid or 
liquid like disordered solid phase (Figure ‎6.11 a). 
The substantial improvement in dynamics of the ions in the [P1222][NTf2] 
system upon lithium-salt addition results in an overall enhancement in 
conductivity of the OIPC (Figure ‎6.15 and Figure ‎6.11 b) as the overall mobility 
of both the cation and anion is enhanced while a mobile diffusive phase is also 
formed at the phase II to I transition after lithium-doping. This is reflected in 
substantial changes in the NMR spectra of the [P1222][NTf2] (Figures ‎6.14 
and ‎6.15) system. A shoulder appears in the 
19
F spectrum of the Li-doped 
[P1222][NTf2] in phase II (the asymmetric shape of the spectrum was not evident in 
the pure OIPC) as well as the appearance of a double component in the 
7
Li 
spectrum in phase II. These observations correlate well with the precipitation of a 
secondary phase following Li-doping in this OIPC, as indicated by the XRD 
measurements. The disappearance of these features at the phase II to I transition 
also agrees well with the XRD diffraction patterns, suggesting dissolution of the 
precipitate at this transition. Therefore, the order of magnitude increase in ion 
conductivity observed in the phase I region of this OIPC after lithium-doping, 
compared to the pure OIPC (Figure ‎6.11 b), can be attributed to the dissolution of 
this secondary phase. 
A substantial difference in the cation and anion dynamics observed from the 
NMR spectra of the Li-doped OIPCs is also reflected in the ionic conductivity, 
showing greater values for the [FSI]‎
–‎ OIPC compared to the [NTf2]
‎–‎ OIPC  
(Figure ‎6.16 and Figure ‎6.11 c). It appears that the flexibility of the FSI anion as 
well as the above mentioned dynamic rotational modes also facilitate lithium ion 
motion within this OIPC. Therefore, the Li-doped [P1222][FSI] exhibits overall 
higher ion dynamics for the conduction process than [P1222][NTf2]. However, as 
the second phase detected in Li-doped [P1222][NTf2] dissolves to form a solid 
solution within the matrix of the OIPC, the difference in the conductivity of Li-
doped OIPCs is not as great after the transition to phase I (Figure ‎6.11 c). 
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6.3.2 Ternary systems, Li-doped phosphonium OIPCs with incorporated 
PVDF fibres  
 Phase behaviour  6.3.2.1
Even though the phase behaviour and structural observations indicate the 
existence of strain and disorder within the Li-doped OIPC composites, it does not 
appear to benefit ion conduction as in both cases a decrease in conduction was 
observed after fibre incorporation within the Li-doped OIPCs (Figure ‎6.20 a-c). 
The effect of fibres on the pure [P1222][FSI] PVDF composite is shown in 
(Figure ‎6.27). The OIPC did exhibit increased ion conduction after fibre 
incorporation, but the degree of increase was minor and not as significant as was 
observed for the pyrrolidinium system (figure 4.7 b). 
 
Figure ‎6.27. Ion conductivity of the pure [P1222][FSI] and the PVDF 
nanofibre composite. 
On the basis of the results presented in the previous chapters, it is apparent 
that the interfacial interactions between the introduced fibres and the bulk and 
secondary OIPC phases has a pronounced effect on the OIPC phase behaviour, 
degree of disorder and in turn the ion conduction processes. To further explore 
this and determine if this can be used to control the composite properties, an 
experiment was designed in order to investigate the role of interfacial area on 
conduction in this system. This was achieved by altering the amount of the 
[P1222][FSI] in the matrix and hence varying the ratio of bulk OIPC material to 
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that residing at the fibre|OIPC interface. Conductivity measurements were 
performed on different ratios of the OIPC within the sample varying from 5-90 
wt%. Figure ‎6.28 shows the SEM images of the samples and the conductivity data 
is presented in Figure ‎6.29.  
 
Figure ‎6.28. SEM micrographs of [P1222][FSI]/PVDF nanofibre composite 
with altered ratio of the OIPC of: a) 5 wt%, b) 10 wt% , c) 20 
wt%, d) 50 wt%, e) 75 wt% and f) 90 wt%. 
The conductivity of the OIPC was slightly increased by addition of 10 wt% 
of fibres (90 wt% OIPC). However, as the ratio of the OIPC decreased, the degree 
of enhancement increased further and reached an optimum value at 50 wt% OIPC. 
The conductivity was maintained at higher values until the ratio decreased to the 
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25 wt% OIPC and decreased further at lower amounts of OIPC. Interestingly, the 
sample with 10 wt% OIPC exhibited similar conductivity to the 90 wt% OIPC and 
the sample with 5 wt% OIPC revealed a similar level of conduction as the pure 
OIPC. This clearly indicates a significant role for the interfacial regions of the 
composite in assisting ion conduction within the matrix of this OIPC system. 
However, the effect is less significant compared to [C2mpyr][BF4] using the same 
ratio of OIPC. This will be further discussed in the light of NMR and vibrational 
spectroscopy observations presented in the following section. 
 
Figure ‎6.29. Ion conductivity of the pure [P1222][FSI]/PVDF nanofibre 
composite as a function of the OIPC ratio. 
 Ion dynamics  6.3.2.2
Interfacial strain and disorder within the OIPC structure promotes additional 
numbers of ion species in the adjacent areas to gain greater mobility compared to 
the rigid matrix
105
. Figure ‎6.30 compares the ratio of the narrow line integral of 
the 
1
H NMR spectra of Li-doped [P1222][FSI] and the composite to the broad line 
integral, which reflects the relative population of ion species with high mobility. It 
is apparent that the mobility of the ion species in both the mobile and rigid 
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components was decreased after fibre incorporation, according to the broadened 
line-width, (Figure ‎6.25, Figure ‎6.24 and Figure ‎6.22), i.e. more mobile ion 
species exist in the composite but with lower mobility compared to the neat Li-
doped OIPC. 
 
Figure ‎6.30. Percentage of the narrow segment of the 
1
H NMR spectra for the 
Li-doped [P1222][FSI] and the PVDF nanofibre composite. 
ATR-FTIR spectra show that there were no additional or absent peaks in the 
spectrum of the pure OIPC after lithium-doping and/or PVDF fibre incorporation. 
However, while Li-doping does not result in the appearance or loss of vibrational 
modes, changes in the intensity and position of some bands appeared upon 
incorporation of fibres (denoted and assigned
127, 128
 in Figure ‎6.31 a and b). The 
bands were attributed to vibrational modes of the anion and in the majority of 
cases an increase in the asymmetric vibrational modes was observed in the 
presence of fibres. Jin et al. found in their study that both conformers of the FSI 
anion coexist within the crystalline structure of the pure [P1222][FSI] at all 
temperatures measured but a large population of the trans-conformer changes to 
cis at increasing temperatures throughout the plateau region of the DSC thermal 
trace. The population of cis-conformer continues to increase slightly after the end 
of the plateau throughout phase I until melting of the OIPC
49
. Therefore, the 
majority of the anion exists in the cis-conformer at room temperature in the pure 
OIPC and this conformer appears to be associated with higher conductivity in the 
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OIPC. The changes observed in the IR spectra may be attributed to moving the 
anion to a higher energy level in which stabilization of the trans-conformer occurs 
in the system due to the interactions of the anion with the fibres. This change may 
influence the mobility of the anion and hence the system as a whole, given that the 
cation of this system was found to have cooperative motions with the anion
49
. The 
line-width broadening of the NMR spectra (Figure ‎6.21and Figure ‎6.22) and the 
decreased ion conductivity of the composite (Figure ‎6.20) thus appear to be related 
to this interaction.  
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Figure ‎6.31. ATR-FTIR spectra for the [P1222][FSI] system at room 
temperature (phase I), low frequency(a) and high frequency 
region (b).as: asymmetric stretching, s: symmetric stretching 
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The condition is very different for the NTf2 OIPC as additional chemical 
shifts appeared in the 
7
Li and 
19
F NMR spectra, which implies strong interactions 
may be present between the Li-ions and anions or the fibres. These interactions 
may be the cause of the decrease in ion conduction of the Li-doped [P1222][NTf2] 
upon fibres addition. These aspects were not investigated further in this study and 
comprise one possible avenue of future work. 
6.4 Summary 
The pure FSI system exhibits slightly higher conductivity compared to the 
[NTf2] phosphonium OIPC. However, the flexible nature of the [FSI]
– 
anion and 
smaller size of the anion result in fewer interactions with lithium compared to the 
[NTf2]
–
 anion upon lithium doping and hence a secondary phase is formed in the 
[NTf2] system and not in the [FSI]. Therefore, the degree of improvement in ion 
conduction due to the addition of the same level of lithium salt is much higher in 
the FSI OIPC than in the NTf2 one.  
It can be concluded that the strain/disorder induction mechanism, resulting 
from fibre incorporation, does not play a major role in assisting and improving ion 
transport within highly dynamic systems such as the [P1222][FSI] and [NTf2] 
systems described here. In these systems, the addition of Li ions seems to create 
highly diffusive mobile environments dominated by mechanisms such as paddle-
wheel or ion-hopping according to the observations from the NMR measurements.  
The presence of fibres within these highly mobile Li-doped systems can 
instead lead to sluggish ion mobility by affecting and hindering the 
vibrational/rotational modes of the OIPC anions and cations. According to kinetic 
principles, when co-operative mechanisms occur in a system, the slowest process 
controls the overall rate
129
. Therefore, ion trapping/binding interactions at 
interfacial sites would reduce the overall transport rate and result in the observed 
decrease in ion conduction as shown for the phosphonium systems presented here.  
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6.5 Publications in preparation from the findings of 
this chapter 
1. N. Iranipour, D. J. Gunzelmann, A. Seeber, A. F. Hollenkamp, M. 
Forsyth and P. C. Howlett, "Ion conduction within the binary lithium-
doped triethyl(methyl)phosphonium cation based ionic plastic crystals 
composed of different anion structures", in preparation. 
2. N. Iranipour, J. Vongsvivut and P. C. Howlett, "Interfacial 
contribution of the polymer nanofibres in ion conduction within the 
crystalline structure of organic ionic plastic crystal composites", in 
preparation. 
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 Chapter 7
Conclusion and suggestions  
for future works 
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The major findings of this thesis are summarized in the following sections. 
Suggestions for future work are provided based on the observations made in each 
case.  
7.1 Strain and defect induction by fibre incorporation  
The average free volume within the OIPCs was increased in the presence of 
fibres. Based on previous studies, the additional free volume was found to 
promote the rotational motions of the ions, which correlates well with NMR 
observations, in which the population of mobile ion species was increased in the 
presence of fibres. Furthermore, the incorporation of fibres was found to induce 
strain within the crystalline structure and disorders based on X-ray diffractometry 
observations. The fibres also refine grain size by limiting their growth as a 
physical barrier. Specific interactions within the composite were also affected by 
fibre incorporation according to the observations from vibrational spectroscopy. 
These factors were found to be the major causes of the improvement in ion 
conduction in single phase systems such as pure OIPCs.  
 
Figure ‎7.1. Strain introduction (indicated by shifts in diffraction pattern 
peaks) and defect size increase (indicated by positronium lifetime 
increase) within the OIPC by fibres incorporation. 
Future work: It is suggested to probe structural defects via more detailed 
studies over wider temperature ranges in both binary composites and ternary Li-
doped polymer fibre composites using PALS. The investigation of types of 
defects can also be followed by advanced techniques such as atom probe 
tomography in order to investigate planar and linear defects. 
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Low angle X-ray diffractometry is also suggested as an effective technique 
in order to accurately measure the amount of the structural strain induced in the 
composite and to correlate this with ion dynamics and conduction in these 
materials. 
7.2 Interfacial contribution of the fibres to the 
properties of the matrix OIPC 
A decrease in the amount of OIPC cast within the fibres highlights the 
significant role of the interfacial regions with respect to changes observed in the 
chemical structure and ion conduction. 
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Figure ‎7.2. Interfacial areas of fibres assisting ion conduction, evidenced by 
further improvement of conductivity upon increasing ratio of 
fibres in samples, which reflected also in greater shift in chemical 
structural changes. 
 
Future work: It is suggested to use alternative techniques for further 
investigation of the interfacial areas, for example by means of AFM nano-
indentation probes.  
It can be assumed from the significant impact of the OIPC/fibre ratio on 
ion conduction, that the variation of the pore size and distribution of the fibres can 
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also have a similar significant impact on the conduction processes due to the 
alteration of the ratio of the interfacial and matrix regions, such studies are 
recommended for future work. 
7.3 Critical role of microstructural features in ion 
transport 
Li-salt addition was found to form a second phase within the microstructure 
of the binary Li-doped pyrrolidinium tetrafluoroborate system. The formation of 
the second phase was found to significantly affect ion conduction. The presence 
of fibres was found to prevent formation of second phase due to the disruption of 
the nucleation in the composite, where the fibres induce disorder and strain as 
well as a refined grain structure. Therefore, the parent matrix lattice system 
incorporates the lithium ions as additional charge carriers in the form of a solid 
solution. This results in a remarkable improvement in ion conduction at low 
temperatures and allowed device operation at low temperatures.   
 
Figure ‎7.3. Composite plastic crystals are shown to exhibit enhanced ion 
transport due to release of Li
+
 ions from a second phase into a 
solid solution. 
Future work: It is suggested to probe the alloying element distribution as 
well as the secondary phase nucleation and growth through imaging (i.e, electron 
microscopy, magnetic resonance imaging, atom probe tomography) in order to 
determine the factors affecting the formation and distribution of the secondary 
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phase(s) within the OIPC matrix. Finally, introduction of fibres to the binary 
system and further study of the ternary system using the same procedures. 
It is also suggested to vary lithium salt concentration within the OIPC in a 
broader range and probe the microstructural changes as well as the lithium ion and 
secondary phase distribution within the microstructure. Finally, to investigate the 
effect of fibre incorporation in each case. 
It is also suggested to apply the same procedures for alternative OIPC 
systems which are prone to the formation of secondary phases within their 
microstructure. 
7.4 Fibre chemistry as a determinant of composite 
properties 
The incorporation of PAMPSLi fibres was found to improve ion conduction 
in the pure pyrrolidinium system by a similar mechanism to the PVDF fibres. 
However, the charged surface of the PAMPSLi fibres was found to promote 
nucleation of the secondary phase in the Li-doped pyrrolidinium system. 
Therefore, the beneficial effect of the PVDF fibres in blocking the second phase 
formation was not achieved when PAMPSLi fibres were used. As a result, a 
decrease of the ion conductivity in both crystalline phases was observed for the 
ternary system. 
Future work: It is suggested to study the use of the PAMPSli fibres within a 
highly dynamic single phase forming binary Li-doped OIPC system, for example 
the Li-doped [P1222][FSI] system investigated herein, in which the physical 
mechanisms (e.g., disorder formation or structural strain induction) can play a 
negligible role in assisting ion transport, due to the presence of more preferable 
mechanisms for ion transport in highly dynamic rotating phases. In these systems, 
the charged surface chemistry of the fibre may yet play a beneficial role in 
assisting ion transfer. 
A detailed investigation using variable temperature vibrational spectroscopy 
is recommended for the discovery of any interactions that may exist between the 
ion species of this system. 
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7.5 Significant changes upon heat treatment of binary 
OIPC systems: Thermal history dependence  
While the pure OIPC exhibits reversible thermal and conduction properties 
with negligible hysteresis in properties and ion dynamics upon heat treatment of 
the as-cast samples, the comparable lithium doped systems exhibit significant 
changes in thermal and conduction properties. A three to four order of magnitude 
increase in conductivity was achieved after annealing the Li-doped composites at 
temperatures above the phase II to I transition. The changes in properties are 
attributed to significant microstructural changes in the binary systems which were 
not observed in the pure system. Therefore, it is concluded that the alloying 
elements significantly alter the microstructural features and their distribution is 
strongly affected by heat treatment. Therefore, the binary systems exhibit altered 
properties with the incorporation of polymer fibres, which control both the 
distribution and microstructural roles of the alloying elements and this is reflected 
in the final properties of the ternary systems.  
 
Figure ‎7.4. Significant effect of heat treatment on conduction properties of 
binary Li-doped systems. 
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Future work: The application of thermal heat treatments to determine the 
ability of such treatments to control and tune the properties of both binary and 
fibre incorporated ternary composite systems in various OIPCs. 
7.6 Co-existing processes in phase transformations of 
high lithium salt content OIPC composites 
It was shown in Chapter 5 that kinetically limited processes at the phase 
transformations begin to dominate the systems' ability to reach thermodynamic 
equilibrium as the lithium salt concentration is increased in PAMPSLi 
composites. Notably, the solid-solid phase transformation in the cooling step was 
affected within the high lithium salt content PAMPSLi composites. Significant 
ion mobility was achieved in this composite for all of the ion species after 
annealing treatment, which was not the case for comparable systems without 
PAMPSLi fibres or high Li contents. Relatively high ion conductivity was 
achieved in this composite, which was retained for lengthy periods (up to 160 h) 
at room temperature.  
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Figure ‎7.5. Notable crystalline structural changes in cooling of the higher 
content lithium ion containing OIPC, beside the slower kinetics 
of transformation causes significant effect on ion dynamics. 
Future work: The electrochemical analysis of this system is desirable, in 
particular lithium ion transference number measurements as well as device 
studies.  
It is also suggested to investigate in depth the effect of lithium salt 
concentration alteration within the OIPC in a broader range in the pyrrolidinium 
system as well as other OIPC systems. 
7.7 Chemistry of the OIPCs 
It was found that fibre incorporation within low melting point OIPCs is very 
beneficial for the fabrication of self-standing membranes, in which the neat OIPCs 
have almost zero mechanical strength as a solid media for device assembly. 
However, the highly dynamic systems do not seem to allow the ions to follow the 
path provided by the fibre interfacial areas, i.e. the conducting ions prefer to move 
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in paths within the highly disordered rotating matrix phase. Therefore, 
mechanisms such as paddle-wheel or Li-ion hopping dominates lithium ion 
transfer rather than disorder and strain induced mechanisms at the interfacial 
regions. As a result incorporation of the fibres does not create the same 
enhancements in ion conduction as was observed for the high melting point 
OIPCs. 
 
Figure ‎7.6. Different effects observed upon PVDF nanofibre incorporation in 
lithium ion dynamic as result of alteration in chemical structure of 
the OIPCs. 
Future work: Further study of the [P1222][NTf2] system is suggested as 
interesting features were observed in the thermal behaviour of the OIPC upon 
lithium-doping, revealing a tunable material amenable to approach, such as heat 
treatment and/or ternary additives like modified fibre incorporation. 
Electrochemical studies are suggested for further investigation of the 
phosphonium based OIPCs, in particular lithium transference number 
measurements for the Li-doped [P1222][NTf2] system. Also, employment of the 
OIPCs in device cycling is suggested, in particular for Li-doped [P1222][FSI] 
composites in order to benefit from the significant improvement in mechanical 
properties. 
More detailed investigations of the long-term stability of the properties 
under various conditions are suggested for future studies. 
 These observations indicate that the effects of fibre incorporation are not 
universal across all OIPC systems. Hence, exploring new combinations of ionic 
species contributing to new OIPC families is suggested for further the 
understanding of the mechanisms influencing ion conduction in these composites. 
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7.8 Compatibility of the composite with lithium metal 
during electrochemical cycling 
Electrochemical studies of the lithium-doped pyrrolidinium 
tetrafluoroborate OIPC PVDF composites as membranes within lithium 
symmetric cells demonstrated that the composite materials support lithium ion 
transport under stable electrochemical cycling. Various current densities applied 
in both phases II and I temperatures were shown to allow stable cycling.  
Interestingly, no evidence of cell short-circuiting was observed, which is 
attributed to the improvement in mechanical properties imparted by the 
composites. 
 
 Figure ‎7.7. Stable electrochemical cycling of the lithium metal cells 
fabricated using lithium doped OIPC nanofibre composites under 
various current densities. Decreased cell impedance over initial 
cycling was observed, causing improved performance upon 
cycling. 
Future work: Further electrochemical analysis of the membranes is 
suggested, in particular for the OIPC systems with increased lithium ion 
concentration. 
Further investigation of the mechanical properties is required under a 
controlled atmosphere, with study of the effects on device functioning in addition 
to the results of the preliminary studies reported elsewhere. 
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7.9 Design of the fibre & fabrication procedure of the 
composite  
Careful tuning of the fibre distribution to investigate the effect of free 
volume on the composite properties is warranted. These factors appear to 
significantly affect the final grain size of the cast OIPC surrounded by fibres and 
is therefore a critical factor in controlling the formation of secondary phases in 
binary systems.   
For similar reasons, the orientation of the fibres, diameter of the fibres, pore 
size, inherent pores within the fibres can be critical factors influencing the 
composites properties, in particular in binary doped systems which are prone to 
form secondary phases within the microstructure. 
Furthermore, as the mechanical properties of the membrane were found to 
have a key role in cell performance, coaxial spun fibres are suggested to 
incorporate a high strength material as the core component and a chemically 
functional material for ion transfer enhancement as the shell outer-layer of the 
fibre. 
Also, surface treatments of the fibres such as surface functionalizing as well 
as alternative methods such as chemical or physical vapor deposition of suitable 
materials on the surface of the fibres is suggested. These approaches are 
developed for electro active species, such as magnesium and aluminum. These 
metals sputtering under controlled atmospheres can be applicable for lithium or 
sodium metals to be deposited on the fibre surface.  In this regard, similar 
methods as those used for ceramics industries can be used, for example in the 
baking of the glaze in porcelain products which employ reducing agents under 
controlled thermal regimes to enable phase transformations to progress within the 
material in a controlled manner. 
The influence of the preparation procedure of the composite materials is a 
key area of understanding from both the applied and fundamental perspective 
which requires the investigation of a broad range of factors including the 
temperature and pressure used during pressing, the use of a solvent or melt 
procedure, the type of solvent or other thermal treatments, as well as employing 
alternative methods for the fabrication of the composite material. These avenues 
are suggested as parts of the future work. 
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Appendix  
Chemical structural analysis of the 
synthesized and purified materials   
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i. 1H , 19F and 13C NMR spectra for [P1222][FSI] 
1
H NMR for [P1222][FSI] (400 MHz, (CD3)2CO) 
 
 
19
F NMR for [P1222][FSI] (376 MHz, (CD3)2CO) 
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13
C NMR for [P1222][FSI] (100 MHz, (CD3)2CO) 
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ii. 1H , 19F and 13C NMR spectra for [P1222][NTf2] 
1
H NMR for [P1222][NTf2] (400 MHz, (CD3)2CO) 
 
 
19
F NMR for [P1222][NTf2] (376 MHz, (CD3)2CO) 
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13
C NMR for [P1222][NTf2] (100 MHz, (CD3)2CO) 
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iii. 1H NMR spectrum for PAMPSLi 
1
H NMR for PAMPSLi (400 MHz, D2O) 
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iv. 1H , 19F and 13C NMR spectra for [C2mpyr][BF4] 
 
1
H NMR for [C2mpyr][BF4] (300 MHz, (CH3)2SO) 
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19
F NMR for [C2mpyr][BF4] (282 MHz, (CH3)2SO) 
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13
C NMR for [C2mpyr][BF4] (75.5 MHz, (CH3)2SO) 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
